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PREFACE 


Thoroughly  Investigated  at  present  are  the  steady  states 
of  combustion  and  detonation  of  condensed  systems  whose  research 
was  initiated  as  long  ago  as  at  the  end  of  the  19th  certury. 
Interest  in  the  study  of  transient  processes  arose  considerably 
later.  The  first  works  in  this  direction,  carried  out  by  Belyayev 
[1~5],  Andreyev  [6-8],  and  Patri  [9]j  appeared  at  the  end  of 
the  1930's  and  beginning  of  the  19^0’s.  Intense  Investigations  --- 
of  the  emergence  and  development  of  an  explosion  were  conducted 
in  the  last  15  years  both  in  the  USSR  and  abroad  (USA,  England). 

In  spite  of  the  achieved  progress,  the  problem  as  a whole  is  far 
from  its  completion. 

The  emergence  of  an  explosion  under  industrial  conditions 
is  an  extremely  dangerous  phenomenon.  Therefore,  knowlv?dge  of 
the  mechanism  and  conditions  of  the  transition  of  combustion 
into  an  explosion  has  not  only  scientific  but  also  a great 
national-economic  value  - first  of  all,  for  the  development  of 
problems  connec  ■- d with  the  safeguard  of  the  explosion-proof 
nature  of  production. 

The  basis  of  this  book  is  the  exoerimeatal  data  obtained 
by  the  authors  during  operating  period  from  1959  to  1970  at 
the  Institute  of  Chemical  Physics  of  the  Academy  of  Sciences  of 
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the  USSR,  At  the  same  time  in  the  book  the  published  data  which 
are  available  at  present  on  this  question  are  systematized  and 
generalized. 

The  transition  of  combustion  Into  an  explosion  Is  a multi- 
stage process.  The  Idea  which  was  assumed  as  a basis  of  the 
Investigc-tlons  was  to  Isolate  and  study  each  of  the  stages 
Individually,  and  also  the  law  governing  the  transition  from 
one  stage  to  another.  In  this  case  the  primary  attention  was 
given  to  an  explanation  of  the  physical  essence  of  the  phenomenon. 
This  approach  was  the  most  advisable,  since  In  a number  of  cases 
(for  example,  with  the  excitation  of  detonation  from  an  Intense 
shock  Impulse)  the  separate  stages  are  exceptionally  little 
extended,  and  some  of  them  can  be  absent.  This  approach  completely 
Justified  Itself  and  made  It  possible  to  obtain  a sufficiently 
complete  picture  of  the  development  of  an  explosion  from  a stable 
laminar  combustion  up  to  the  emergence  of  detonation. 

The  book  consists  of  an  Introduction  and  two  sections.  In 
the  introduction  the  methods  of  the  study  of  the  rapidly  flowing 
processes  are  examined.  The  instruments  and  devices  Intended 
for  the  study  of  the  transition  of  combustion  into  explosion 
are  described. 

The  first  section  is  devoted  to  solid  porous  explosives 
v;hose  combustion  especially  easily  converts  into  an  explosion. 

These  explosives  are  widely  utilized  in  practice  iv-lth  the  oroduc- 
tion  of  pcv;ders , monolithic  charges  of  explosives,  and  in  the 
mining  and  building  Industry. 

In  Chepter  I the  general  characteristics  of  corous  sy^ttf:.;s 
is  given.  An  account  is  giver,  of  the  methods  and  basic  results 
of  the  determination  of  porosity,  gas  permeability,  the  specific 
surface  area  of  the  pores,  and  distribution  of  the  pores  according 
to  dimension. 
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Chapter  II  is  devoted  to  slow  smooth  burning  at  a constant 
rate.  A comparison  Is  made  of  the  obtained  experimental  results 
with  the  conclusions  of  the  theory  of  the  combustion  of  explosives 
and  powders. 

Chapter  III  gives  results  of  the  Investigation  of  the  Initial 
stage  of  an  explosion  - the  disturbance  of  stable  laminar 
combustion.  The  basic  positions  of  the  stability  theory  of 
combustion  are  examined.  The  effect  on  the  disturbance  of  the 
laminar  combustion  of  the  basic  factors  is  Investigated.  The 
theory  of  limits  of  stability,  which  made  it  possible  to  create 
the  basis  for  the  quantitative  description  of  the  tendency  of 
different  explosives  toward  the  disturbance  of  laminar  combustion 
behavior  Is  developed. 

iTi  Chapter  IV  data  on  the  combustion  stability  of  systems 
with  free  pores  are  given. 


Exarilned  In  Chapter  V are  the  basic  stages  of  the  develop- 
ment of  explosion  up  to  the  emergence  of  detonation,  In  particular, 
the  convective  combustion,  which  appears  as  a result  cf  destabiliza- 
tion. 
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of 

the  study 

of  the  transition  o 

f the  combust 

ion 
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Int  c 

detonation  are  given.  Examined  is  the  effect  of  different  factors 
on  tne  value  of  the  predetermination  section  for  uniform  and 
mixture  explosives.  The  mechanism  of  the  emergence  of  detonation 
upon  ignition  Is  discussed.  The  results  on  the  Initiation  of 
detonation  in  porous  explosives  by  shock  v/aves  are  represented. 


The  second  section,  v/hich  consists  of  two  chapters,  Is 
devoted  to  questions  of  comibustion  stability  of  liquid  explosives 
(ZhVV)  [WB9]. 
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In  Chapter  VI  the  theory  of  the  limit  of  normal  combustion 
basically  of  loiv-vlscoslty  ZhW  is  examined.  The  conditions 
of  the  transition  of  normal  combustion  to  disturbed  combustion 
and  the  effect  cf  the  properties  of  a liquid  and  conditions  of 
combustion  on  combustion  stability  are  analyzed.  The  phenomena 
characteristic  for  the  combustion  of  ZhW  beyond  the  stability 
limit  are  examined. 

Chapter  VII  Is  devoted  to  experimental  data  on  the  hydro- 
dynamic  combustion  stability  of  homogeneous  individual  and 
mixture  ZhVV  and  to  the  transition  of  the  excited  combustion 
into  an  explosion.  In  a separate  paragraph  results  of  che 
experimental  study  of  laws  governing  the  combustion  of  two-phase 
(liquid-solid)  systems  are  presented. 

It  is  possible  to  hope  that  this  book  will  contribute  to 
the  development  of  investigations  in  this  complex  and  Interesting 
field  of  physics. 

The  authors  express  their  gratitude  to  M.  K.  Sukoyan,  I.  A. 
Carpuchin,  and  A.  V.  Obmenln  for  their  help  in  the  preparation 
of  the  book. 
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INTRODUCTION 


PROCEDURE  FOP,  THE  STUDY  OF  THE  TRANSITION  OF 
CON3USTION  INTO  AN  EXPLOSION 


The  transition  of  combustion  Into  an  explosion  Is  a multistaee 
unsteady  process.  In  order  to  get  an  understanding  of  the  very 
complex  pattern  of  this  phenomenon  and  to  obtain  comprehensive 
information,  the  use  of  complex  methods  of  study  is  required. 

In  this  case  the  problem  consists  not  only  of  the  correct 
determination  of  the  most  important  parameters  (velocity,  pressure, 
temperature,  etc.),  but  also  the  isolation  of  separate  stages, 
since  only  this  approach  provides  the  obtaining  of  the  comprehen- 
sive data.  The  latter  was  achieved  by  a change  in  the  conditions 
of  the  experiment. 


The  methods  used  had  to  satisfy  a wide  circle  of  requirements 
This  becomiGS  especially  demonstrative  If  we  keep  in  milnd  that  the 
ranee  of  a change  in  the  rate  of  rropagatlon  of  reaction  is  7 
orders  (from  10  with  normal  combustion  to  10^  cm/s  in  the 
fina]  stage.  If  the  proctcs  is  developed  before  detonation), 
and  the  appropriate  range  of  pressure  change  covers  8 orders 
(from  1C  ^ to  10^  atm). 


It  Is  necessary  to  emphasize  that  the  Investigation  of  the 
emergence  of  explosion  In  the  condensed  systems  as  a result  of 
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the  destructive  action  of  high  pressures  Is  connected  with 
considerably  greater  difficulties  than  Is  the  analogous  Investiga- 
tion In  the  case  of  gas  systems.  These  difficulties  grow  In 
the  case  of  solid  explosives,  which  unlike  gases  and  liquid 
explosives  are  opaque,  which  to  a great  degree  impedes  the 
utilization  of  optical  methods  of  study. 

In  the  process  of  the  execution  of  the  work,  the  authors 
developed  and  applied  new  procedures  and  instruments. 

Let  us  examine  fundamental  devices,  methods  and  Instruments 
for  recording  the  most  Important  characteristics  of  the  process 
which  are  used  In  the  study  of  the  transition  of  combustion  into 
explosion  and  of  Its  separate  stages. 

An  experiment  shows  that  at  low  pressures  and,  in  particular, 
at  atmospheric  pressure  the  combustion  of  the  overwhelming 
majority  of  the  explosives  retains  a uniform  nature:  normal 

laminar  combustion  at  constant  and  low  velocity  occurs.  Be- 
ginning from  a certain  elevated  pressure,  whose  value  depends 
on  the  density  and  properties  of  the  explosives,  there  occurs 
a disturbance  or  Interruption  of  the  laminar  combustion  which 
Is  sharply  accelerated  and  under  specific  conditions  can  turn 
into  detonation. 

Thus,  an  explosion  appears  If  the  explosive?  burn  at  pressures 
higher  than  a certain  maximum. 

§ 1,  Devices  of  High  Pressure 

Bomb  of  "constant  pressure"  (BD)  [6H].  The  basic  purpose 
of  this  bomb,  which  Is  made  In  several  versions  (up  to  150,  350, 
1000-50GO  atm),  is  to  study  the  laws  governing  the  normal  combus- 
tion of  explosives  and  powders.  However,  It  was  utilized  also 
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for  the  study  of  the  transition  of  the  combustion  of  porous 
explosives  into  an  explosion.  In  foreign  literature  this  device 
is  known  by  the  name  of  the  "Crawford  bomb".  The  term  "bomb 
of  constant  pressure"  is  not  strict,  since  the  pressure  somewhat 
grows,  as  a result  of  the  combustion  of  the  charge. 

The  bomb  (Fig.  1)  is  a thick-walled  steel  casing  1 with  a 
larne  internal  volume  (2-5  I and  more).  Its  upper  open  part 
before  the  experiment  was  hermetically  sealed  by  cover  2.  Air- 
tightness  was  achieved  by  the  use  of  rubber  ,1olnts.  The  observa- 
tion of  the  process  of  the  combusticii  and  measurement  of  velocity 
was  conducted  mainly  by  the  optical  method.  For  this  purpose 

the  bomb  has  several  transrarent 
windows  3 of  optical  trlass  or  plexiglass. 
For  determining  the  rate  of  combustion 
electrical  methods  are  also  arplied 
(§  2).  In  the  bomb  which;  was  used  by 
t.he  authors,  t.he  r'acordirig  of  pressure 
in  the  volume  v/as  realized  by  a s'^eclally 
developed  sensitive  piezoelectric  quartz 
crystal  sensor  . The  investigated 
specimen  of  explosives  or  powder  5 was 
fastened  to  a support  connected  with 
the  cover  of  the  bomb.  The  necessary 
pressure  in  the  bomb  was  created  by 
compresse  ! nitrogen  from  a cylinder  or  with  the  aid  of  a compressor. 
The  magnitude  of  the  pressure  was  determined  according  to  the 
manometer  connected  with  the  internal  volume  of  the  bomb. 

It  is  necessary  to  keep  in  mind  that  if  special  measures 

are  not  taken,  then  the  pores  of  t.he  investigated  charge  of  the 

sella  explosives  prior  to  the  beglnnlr.g  of  combustion  are  filled 

n 

with  nitrogen,  l.e.,  the  pressure  in  the  pores  r"  is  equal  to 

Pi 

t.he  pressure  in  the  volume  of  the  bomb  Pq  . The  pressure 


Figure  1.  Bomb  of 
"constant  pressure" 
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differential  Ap , which  causes  the  penetration  of  products  of 
combustion  Into  the  pores.  Is  created  in  the  process  of  combustion, 
and  usually  Ap<<Pq.  The  destabilization  of  combustion  in  this 
case  Is  realized  by  the  Jet  mechanism  (for  greater  detail,  see 
section  B,  Chapter  III). 

For  the  study  of  the  forced  disturbance  of  the  laminar 

combustion  of  porous  explosives,  when  the  inflow  of  gas  into  the 

pores  occurs  under  the  action  of  a definite  strictly 

fixed  pressure  differential,  created  prior  to  the 

j rZ  beginning  of  combustion,  there  was  applied  a specially 

I :•  y'\.\  assembled  charge  of  exDloslves  ("embedded  charge") 

i'3 

[lot  whose  diagram  Is  shown  in  Fig.  2. 

±zrJ 


! Pressed  into  the  plexiglass  shell  h was  a 

consecutively  solid  auxiliary  substance  1,  which 
Diagram  of  performs  tlie  role  of  the  combustible  gas-impermeable 
Charge"  partition,  solid  2 and  porcus  3 investigated  sub- 

stances, and  the  lower  end  of  the  shell  was  glued. 
The  thus  collected  charge  was  placed  Into  the  bomb,  v.'hlch  b^  -'-e 
the  experiment  was  filled  with  nitrogen  up  to  a pressure  c 
whereupon  ignition  of  the  gas-impermeable  partition  was  imple- 
mented. This  diagram  of  the  experiment  eliminated  preliminarily 
filling  of  the  pores  of  the  investigated  porous  specimen.  Under 

those  conditions  the  front  of  the  combustion  acoroached  the 

0 

porous  charge  when  the  initial  pressure  in  the  pores  r is  equal 

0 ^ 

to  the  atmospheric  pressure  (usually  pj_<<PQ,  Ap-p^-p^^lPo ^ 
the  perietratlon  of  combustion  is  realized  as  a result  of  the 
effect  of  pressure  p^  in  the  volume  of  the  bomb.  The  diagram 
of  the  "embedded  charge"  mo'^els  the  combustion  of  the  porcus 
inclusion  in  the  charge  of  the  powder.  Therefore,  in  a number 
of  cases  the  combustion  of  the  Investigated  porous  charges  was 
conducted  directly  in  the  model  rocket  chambers.  Diverse  variants 
of  the  rocket  chambers  were  used. 


^TD-MT-2i4-8ia-7  = 


1 


Besides  the  continuous  recording  of  pressure  p(t),  the 
optical  recording  of  the  process  of  combustion  was  realized. 

For  this  purpose  part  of  the  used  chambers  contained  transnarent 
windows. 

Manometer  bomb.  Pressure  In  the  manometer  bomb  is  created 
as  a result  of  the  combustion  of  the  Investigated  substance 
placed  Into  the  closed  volume  of  small  magnitude.  This  Instrument 
Is  frequently  called  the  bomb  of  variable  (rising)  pressure. 

The  manometer  bomb  makes  It  possible  to  determine  the  majority 
of  the  ballistic  characteristics  of  pov;ders  and  explosives  (rate 
of  combustion  and  Its  dependence  on  pressure,  force  of  the  powder, 
and  quantity  and  composition  of  the  gasses  and  is  the  basic 
Instrument  of  laboratories  of  interior  ballistics.  The  fundamental 
laws  governing  the  normal  combustion  of  the  powders  at  high 
pressures  (up  to  several  thousands  of  atmospheres)  were  establl'^hed 
with  the  aid  of  the  manometer  bomb. 

At  present  different  varieties  of  manometer  bombs  are 
widely  applied  for  the  stability  analysis  of  the  combustion  of 
powders,  solid  rocket  prooellants  and  exoloslves.  The  imoortant 
advantage  of  the  manometer  bomb  is  the  fact  that  the  pressure 
rises  in  the  process  of  combustion  '^f  the  investigated  charge; 
therefore,  easily  the  critical  value  o at  which  there  is  a 
disturbance  of  the  stable  combustion. 

One  of  the  varieties  of  the  manometer  bomb  utilized  at  the 
present  time  is  schematically  represented  on  Fig.  3a.  It  is 
thick-walled  cylinder,  l.e.,  housing  5 of  high-strength  heat- 
treated  steel.  The  testable  substance  in  the  form  of  pellets 
or  powders  in  the  form  of  charges  3,  thoroughly  armored  along 
lateral  surface  except  for  the  upper  end,  was  placed 
into  the  channel  of  the  bomb.  The  latter  on  both  ends  is  her- 
metically sealed  by  covers  1 and  7 forced  against  the  housing 
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Of  the  bomb  by  adapter  rings  2. 


Fle.ure  ?.  Manometer 
bombs  with  the 


pleooe lect rl c sensor 
of  rfsssure  (a)  and 
transparent  windows 
Co ) . 


For  the  retention  of  pressure  in 
the  volume  of  bomb  the  connection  of 
the  housing  of  the  latter  with  the 
covers  Is  conducted  with  the  aid  of 
self-sealing  copper  rings  6.  The  covers 
are  equipped  with  Insulated  hermetically 
self-sealing  electric  lead-ins  8 and  11, 
which  maintain  high  pressures. 

The  electric  lead-ins  are  made  In 
the  form  of  a cone  turned  by  the  base 
Inside  the  bomb.  The  insulation  of  the 
electric  lead-in  from  the  housing  of 
bomb  was  realized  with  the  aid  of  plexi- 
glass conical  rings.  One  of  the  covers 
(upper)  has  one  leaa-ln  for  the  feeding 
of  electric  current  to  the  Igniter  9. 

The  latlei-  Is  a paner  holder  with  smoky 
powder  or  pyroxylin  and  nic'nrcnie  spiral. 
The  second  cover  (lower)  is  equipped  with 
two  Insulated  electric  lead-li.s  11,  which 
were  used  for  the  measurement  of  the 
rate  of  propagation  of  the  orccess. 


For  the  recording  of  pressure  change  with  tlmie  In  the 
process  of  the  combustion  of  the  l;:vest  1 gated  charge  devc-lored 
Icw-inertla  piezoelectric  sensc!*s  10  were  specially  applied 
(see  § 3 ) . 


Figure  ^ gives  a typical  csclllcrram  cf  recording  p(t)  In 
the  volume  cf  the  bom.b  of  vai-iable  pressure  when  the  Interruption 
of  lam.lriar  oorr.bus t icn  is  present.  Thus  far  a stable  laminar 
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Figure  Recording  of  pressure  p(t) 
with  the  disturbance  of  normal  combustion 
of  the  porous  charge. 

combustion  was  retained,  and  a smooth  oressure  buildup  In  the 
course  of  time  was  observed.  The  sham  gro'wth  in  oressure  (jump 
in  the  curve  of  p(t))  testified  to  the  achievement  of  critical 
pressure  - the  disturbance  of  the  laminar  combustion  and  Its 
break  into  the  pores  (Initial  peak  In  curve  was  caused  by  the 
combustion  of  the  Igniter). 


One  of  the  bombs  (Pig.  3b)  had  in  housing  1 *‘v;o  windows  2 
cf  plexiglass  for  the  optical  observation  through  the  lieht 
conductor  3,  which  made  It  possible  to  obtain  additional  informs - 
tlon  about  the  nature  of  the  development  of  the  process  [11]  in 
specir.en  In  this  bomb  the  simultaneous  recording  of  pressure 
in  the  volum.e  of  the  bomb  (by  sensor  5)  and  in  the  cores  of 
the  burning  charge  (by  sensor  6)  was  also  conducted. 


in  the  investigations  a set  of  bombs  with  free  soace  from 

3 

10  to  2000  cm  was  used.  The  density  of  the  charginm  (mass 
ratio  of  the  com.bustlble  substance  to  the  free  srace  of  the 

3 

bomb)  did  not  exceed  0.5  g/cm.  , and  the  m.aximium  oressure  - 
6C00-b000  atm. 


Bomb  for  researc 
single  pore  [12].  The 
ment  of  an  explosion 
s i m o : 1 f i 0 d if  w e u 1 1 


h on  the  development  of  combustion 

investigation  of  the  emergence  and 
in  the  gas-oermeab le  oorcus  system 
ise  the  order-'^d  r.odel  - oiorl“  more 
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develor- 
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used,  as  a rule,  the  single  pore  (slit),  forrr.ed  by  two  plane- 
parallel  plates  of  solid  (nonporous)  explosive.  In  part  of  the 
experiments  one  of  the  plates  was  replaced  by  a transparent 
plate  of  plexiglass,  which  facilitated  the  recording  of  the 
process  of  the  propagation  of  combustion  on  the  pore  by  optical 
r.e  t h o d s . 


The  combustion  of  the  slotted  charges  was  conducted  in  the 
sceclally  developed  manonetrlc  tomb  (Fig.  5)  with  large  free 
space.  The  simultaneous  optical  recording  of  the  process  and 
the  recording  of  pressure  directly  in  the  pore  at  the  enclosed 
end  was  realized.  The  bomb  contained  a transparent  window  of 
plexiglass  6,  two  piezoelectric  .sensors,  one  of  which  3 recorded 
the  pressure  p^Ct)  in  the  volume  of  the  bomb,  the  other  1 - 

direct Iv  in  the  core  r (t),  and 
» ■ ■ n » 

device  'i  for  the  extinguishing  of 
specimens  by  .means  of  pressure 
relief.  The  Igr. Itlori  of  the  pore 
2 was  realized  by  the  convection  flow 
of  hot  gas,  which  Is  generated  v/lth 
the  combustion  of  the  igniter  ^ 
(pyroxylin  + ammonium  oerchlorate ) , 
which  created  the  initial  pressure 
in  the  tomb  for  a short  time  - 5 
milliseconds.  Thus,  Igniter  created 


Figure  b 
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research 
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Let  us  new  examine  the  devices  fer  research  cn  the  transition 
of  combustlo.n  into  explosion  and  detonation.  In  the  devices 
described  above  the  density  of  the  charging  was  substantially 
lrwc-r  than  the  initial  density  of  the  explo.slve,  which  Hrjlted 
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the  magnitude  and  rate  dp/dt  of  the  pressure  buildup.  With  the 
limited  length  of  the  cliargc  and  the  absence  of  a durable  shell, 
the  unsteady  combustion  emergent  In  these  conditions  did  not 
convert  Into  detonation.  One  of  the  first  devices  which  was 
Intended  for  the  Investigation  of  the  emergence  of  detonation 
upon  Ignition  was  developed  by  Professor  Andreyev  [6,  7].  At 
present  this  device  Is  widely  known  by  the  name  of  "Andreyev's 
tube. " 


Andreyev's  tube  (Fig.  6a).  Usually  useo  Is  a steel  caslnfc 
^9  mm  In  diameter  wltl'.  the  thickness  of  thio  wall  at  m.m  and 

height  at  200  m.m.  The  casing  has  a ccvej’  with  an  opening  of 
large  cross  section  enclosed  wltii  a metallic  disc  (usually  of 
lead),  which  broke  loose  upon  the  achieving  of  a definite  pressure 
With  lo.v  strength  of  the  disc  the  combustion  leads  to  Its  extrac- 
tion without  the  disturbance  of  th.e  completeness  cf  the  casing. 
With  high  strength,  in  spite  cf  tine  extraction  cf  the  disc,  the 
casing  is  broken  Into  a larger  or  smaller  number  of  pieces,  which 
corresponds  to  that  which  is  formed  with  the  d tcnatlon  cf  the 
charge  caused  by  th.c  pei'cussicn  detojiator.  Thie  deformation  of 
the  casing  gives  the  concept  about  th.e  nature  of  tiie  exrlcsion, 
and  the  minimum  strength  of  the  disc,  beglnninr  with  which  there 
occurs  the  destruction  of  the  casing,  serves  as  the  measure  of 
the  tendency  of  th.e  combustion  of  the  exrlcsive  tov.'ard  the 
transition  into  explosion  and  detonat  i ci'. . 

The  strengtl'.  of  the  disc  Is  determined  by  combustion  in  the 
tube  of  a coarse-grained  smokeless  powder.  Such  calibration 
determines  the  strengtii  cf  the  disc  under  conditions  of  the 
slov.ay  increasing  pressure.  The  real  strength  of  the  disc  usually 
exceeds  that  which  was  measured,  since  the  pressure  buildup  In 
the  experiment  is  more  rapid.  Tne  strength  of  the  casing  Itself 
with  the  indicated  dimensions  was  approxiriately  1000  atm.  The 
combustion  of  the  charge  of  explosive  Is  conducted  by  a charge  cf 


Figure  6.  Devices  used  for  the  study  of  the  transition  of  com- 
bustion Into  explosion  and  detonation: 


a - Atidreypv's  tube; 

1 - steel  housing; 

2 - steel  cover; 

3 - lead  disc; 

b - ssbestes  plate; 

5 - steel  bottom; 

6 - gypsum; 

7 - explosive; 

0 - Igniter; 

9 - electric  ccnductcr. 
b - tube  with  Icnlzatlcn 
sense  rs ; 

1 - airtight  bolt-lgnltcr; 

2 * Irnloatlon  sensors  :l' 

usual  tjipe, 

3 - explc slve ; 

H - i.-nlcatl.'n  sens;rs  cT 
ccntlnu:':?  actl;r. . 
c - mctil  shell  with 
optical  wedge; 

1 - tcel  cylinder; 

2 - ploy. ‘.glass  in  thi' 

r rri  - 3 wedge 
J - steel  shell. 

4 - investigated  substance; 
9 " tvl  t*  *g(i*  tei' 


pyrotechnic  composition.  For  an  Increase  In  the  density  of 
charging,  the  casing  can  be  filled  with  gypsum  to  a certain 
height . 


The  use  of  Andreyev's  tube  made  it  possible  to  obtain  the 
first  systematic  data  and,  first  of  all,  compare  the  different 
pov.'der- like  explosives  with  respect  tc  the  tendency  of  the 
tra.nsltion  of  their  combustion  Into  an  explosion. 

In  the  opinion  of  Andreyev,  the  main  disadvantage  in  his 
method  is  the  fact  that  It  gives  only  the  final  result  of  the 
experiment  and  furthermore  only  In  a semiquantitatlve  form 
(numjber  and  dimensions  of  the  fragments)  and  does  not  character- 
ize the  development  of  tho  process  In  time.  Furtharmiore , a 
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whole  number  of  explosives  ( low-sensltl vlty  powder-like  explosives 
molded  and  plastic  explosives)  does  not  convert  Into  detonation 
under  these  conditions.  Therefore,  the  subsequent  Improvement 
of  Andreyev's  tube  Included  an  Increase  In  th.e  length  and  strength 
cf  the  tube  and  also  the  use  of  the  Ideal  methods  of  recording, 
wl'.lch  made  It  possible  to  obtain  reliable  quantitative  lata. 

Tests  were  conducted  In  thilck-wal  led  steel  tubes  wholly 
.^illed  with  explosives.  Figure  6b  de,.d.cts  the  tube  v.-hlch  was 
used  by  Glpsoti  ar.d  MaJek  for  the  study  of  the  transition  of 
ocr.bustlor.  Ir.tr  trie  detonation  of  the  molded  explosives  Ll3j. 

Tiie  neasureme:'.r  of  the  rate  of  the  orocess  was  conducted  by 
the  usual  tyre  rf  Icnl-atlcn  sensors  and  by  the  Ionization  .sensor 
cf  continuous  aotlo.n,  which  v\'as  assumed  In  rarallel  to  the  axis 
cT  the  charge  (description  ol'  the  sensor,  see  S 1). 

Tube  with  optical  wedge  [14].  V/e  have  developed  a tube 
with  an  optical  wedge  of  plexiglass,  which  makes  It  possible 
to  conduct  the  continuous  optical  recording  cf  the  process  of  the 


tra.  .s  i t i o.",  CT'  comhusr.ion  into  detonation..  It  is  sc.l 
depicted  on  I'lg.  6c. 


rnci  w X c d i ±y 


The  tubs  consists  of  a thick-walled  steel  cylinder  1 with 
a wedge-shaped  slot  2 in  Its  middle  part.  Clued  Into  the  slit 
Is  plexiglass  out  along  its  form.  The  point  of  the  wedge  was 
directed  to  the  side  of  the  channel,  which  made  It  possible  to 
decrease  the  force  acting  on  tiie  wedge. 


For  an  increase  li;  the  strength  the  tube  with  the  plexiglass 
wedge  was  placed  Into  the  steel  shell  3.  The  latter  had  a narrow 
sill  located  opposite  the  plexiglass  weage,  through  which  optical 
observation  of  the  process  was  conducted. 

Placed  Into  channel  v/as  the  Investigated  substance  ) cf 
necessary  density.  In  the  majority  of  cases  it  wa.=;  pressed 
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directly  into  the  shell  by  the  portion  method.  The  combustion 
of  the  investigated  specimen  of  explosive  was  produced  with  the 
aid  of  the  nlchrome  spiral,  heated  by  electric  current,  through 
airtight  bolt -igniter  5. 

The  described  tube  with  the  optical  wedge  made  it  possible 
to  obtain  qualitative  continuous  photographs  of  the  transition 
of  combustion  into  detonation  In  the  explosive  charges  of  different 
density  (see  § 27). 

Research  on  transient  processes  was  conducted  also  In 
transparent  shells  of  plexiglass  In  the  form  of  a cylinder  and 
In  the  devices  when  the  explosive  (usually  In  the  formi  of  a thin 
layer)  is  pressed  between  two  plates  [15,  16]  one  of  v;hlch  is 
transparent  (plexiglass).  Unlike  the  devices  examined  above 
In  the  latter  case  the  Initiation  of  the  explosion  was  realised 
In  essence  by  the  spark  or  the  burning  of  a thin  metallic  wire 
placed  in  explosives  with  tjie  aid  of  a capacitor  discharge. 

I 2.  Rate  Measurement 

Ootical  Method.  This  method  of  the  determination  of  the 
rate  of  the  luminous  processes  is  at  present  basic  and  most 
widely  accepted.  Used  for  this  purpose  are  the  specially  developed 
photcrecordlngs , which  give  a continuous  recording  on  film  of 
the  track  of  the  front  of  the  process  with  time,  and  the  di; ferent 
movie  cameras,  which  make  it  possible  to  produce  frame-wise 
photographing.  The  principle  of  the  device  and  description  of 
the  instruments  are  examined  in  detail  in  literature  [17-19]. 
Therefore,  let  us  recall  only  briefly  the  principle  of  deter- 
r.ilriation  of  the  rate  of  the  process  with  the  utilization  of  the 
optical  method. 

With  the  use  of  photcrecordlng  the  determination  of  the  rate 
of  combustion  or  detonation  entails  the  following.  Photographing 
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Is  realized  on  film,  which  continuously  moves  perpendicular  to  | 

the  direction  of  propagation  of  the  process.  The  Image  of  the  | 

glowing  reaction  front  Is  recorded  on  film  in  the  form  of  an  I 

Inclined  line.  By  knowing  the  steed  of  movement  of  the  film  f 

v^^,  It  Is  possible  by  the  angle  4>  of  slope  of  front  line  to  | 

determine  the  rate  of  process  D:  j 


D = tg  9,  I 

# 

where  k'  Is  the  ratio  of  the  magnitude  of  the  object  (length  of  j 

I’he  charge)  to  the  magnitude  of  the  image  on  film,  l.e.,  the  degree  S 

f 

of  a decrease  in  the  photographic  system.  | 

I 

To  study  the  processes  of  combustion  (slow  processes),  j 

( 

low-speed  photorecordings  with  drum  scan  with  the  rate  of  the  | 

k 

motion  of  the  film  from  several  millimeters  per  second  to  j 

I 

several  dozens  of  meters  per  second  are  used.  Usually  universal  t 

photorecordings  with  high  acceleration  are  used.  An  example  of  | 

this  photorecording  is  the  FR-11,  developed  and  prepared  at  the  > 

I 

Institute  of  Chemical  Physics  of  the  Academy  of  Sciences  of  the  ! 

USSR  (IKhF  AH  SSSR)  [kX®  AH  CCCP].  j 

i 

i 

With  the  study  of  detonation  processes  high-speed  photo-  | 

recordings  mainly  of  the  mirror  type  are  utilized.  In  this  case  I 

the  image  of  the  process  with  the  aid  of  a rotating  mirror  Is  j 

constructed  on  stationary  film.  The  use  of  the  rotating  mirror  j 

makes  it  possible  to  Increase  substantially  the  rate  of  photo-  \ 

graphing.  ? 

1 

For  these  purposes  at  the  IKhF  of  the  AN  SSSR  were  specially  n 

developed  the  high-speed  (streak)  cameras  (3PR)  [ CcbP],  cameras  ? 

with  a driven  sv;eep  (ZhPR)  [XtPP]  and  a high-speed  sweep  slow-  5 

motion  camera  (ZhLV)  [X/IB]  in  which  the  mirror  Is  made  in  the  ’ 

form  of  a polyhedron.  The  Instruments  ZhFR  and  ZhLV  do  not  4 

require  synchronization  of  the  process  with  rotation  of  the  mirror.  j 
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With  the  study  of  transient  processes,  in  a number  of  cases 
It  Is  expedient  to  use  simultaneously  two  photorecorders  at 
different  sweep  speeds  [11]. 

V/ith  the  frame-wise  photographing  of  the  combustion  or 
detonation  of  explosives  with  the  aid  of  a different  type  of  the 
movie  cameras,  the  rate  of  the  process  is  determined  from  the 
known  frame  frequency.  The  maximum  frequency  of  chotographing 
of  cameras  SKS-IK  and  SFR  (in  the  version  of  slow  motion)  serially 
produced  in  the  USSR  comprises,  respectively,  6*10"  and  2. 5- 10^ 
f rar-es/s . 


Method  of  ionization  sensor.  The  essence  of  electrical 
metnod  'with  the  utilization  of  ionization  sensors  entails  the 
ability  of  tne  products  of  com.busticn  or  detonation  to  conduct 
electrical  current.  Placed  into  the  charge  of  explosive  are 
fwo  or  mere  sparx  gaps,  to  whlcn  a definite  voltage  Is  fed.  The 
exploc  ves  In  the  initial  state  possess  very  lew  conductivity, 
ana  electrical  current  aces  not  pass  through  the  spark  gaos , 

In  the  detonation  wave  or  in  the  flame  tne  nroducts  are  greatly 
Ionized,  and  their  resistance  is  low  (for  products  of  the  explosion 
of  typical  explosives  the  resistance  is  approximately  10-12  Sl/mm), 
as  a resuZ*  of  which  with  passage  of  the  wave  of  combustion  or 
detonation  the  spark  gaps  are  consecutively  closed,  and  in  themi 
appears  th’_  electrical  current,  which  is  also  recot'ded  or.  the 
c j cl  1 iograph . According  to  the  knewn  distance  betv.'een  the  sensors 
and  the  transit  time  of  the  process  between  them  obtained  from 
the  experiment,  the  average  speed  Is  determined. 


Method  of  the  ionization  sensor  of  continuous  action.  In 

werk.-;  [2C-'-T]  the  continuous  methou  of  the  determination  of  the 


rate  cf  tne 
entails  t;iO 
is  p-  j. a c £ u a 


process  ’was  develcoed.  The  essence  of  this  method 
fac-  that  into  charge  in  parallel  to  its  axis  there 
recstat  sensor  '.vhiose  resistance  cl'anges  in  rroncrtlon 
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to  the  motion  of  the  front  of  ionization  (front  of  the  process). 

The  sensor  is  a copper  rod  1.1  mm  in  diameter  with  the 
spiral  I'/hlch  wound  turn  to  turn  made  from  conductor  PFVKT  0.1  mm 
in  diameter  [20].  One  end  of  the  wlndlnr^  is  soldered  to  a 
copper  rod  and  the  other  together  with  the  rod  - to  a coaxial 
cable.  The  sensor,  together  with  the  part  of  the  cable,  is 
placed  into  the  Investigated  charge  (mainly  for  this  the  molded 
charges  or  the  ciiarges  of  liquid  explosives  are  applied).  The 
free  ends  of  the  coaxla’’  cable  are  connected  with,  the  cathode-ray 
Co ci llograph , which  records  a change  in  the  resistance  of  the 
sensor  with  the  passage  of  the  process. 

The  determination  of  the  rate  of  the  process  from,  the 
recording  is  conducted  in  the  foi  o ■'r.g  v;ay.  The  length  of  the 
sensor  L corresponds  to  the  initial  L-=“am  deflection  of  the 
oscillograph  bQ.  Then  the  sensitivity  of  measuring  circuit 
i=b-/L.  The  movement  of  the  frcrjt  of  the  lir-estigated  orocess 

V 

with  time  X(t)  = Sb(t)  (where  b(t)  is  the  recording  of  the  investigated 
process).  The  rate  of  process  D will  be  determined  from  the 
expression 


D - 


■'A'  If) 


From  the  evaluation  of  the  authors  [2C]  this  method  makes  it 
rosslble  to  determine  the  steady-state  detonation  velocity  with 
a maxlmiUm  error  w.hich  does  not  exceed  2%. 

To  study  the  transition  of  combustion  into  detonation,  tr.e 
method  analogous  to  that  described  above  v.'as  applied  by  authors 
of  works  [21,  22]. 
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Method  of  the  determination  of  the  rate  of  normal  combustion 
(u)  of  solid  specimens  with  the  aid  of  the  piezoelectric  sensor 
of  pressure  [23].  In  connection  with  combustion  conditions  In 
the  manometer  bomb  a new  method  was  proposed  for  the  determination 
cf  the  rate  of  normal  combustion  - from  the  "bends"  of  the  curve 
of  pressure  p(t).  This  method  Is  the  rapid  method  and  makes  It 
possible  by  one  experiment  to  determine  the  values  of  the  rate 
of  combustion,  which  correspond  to  different  nressures.  The 
essence  of  methca  entails  the  following. 


Since  In  the  closed  volume  the  rate  of  growth  of  cressure 
dp/dt  Is  determined  by  the  speed  of  the  gas  formation  upS  and 
by  the  force  of  the  powder  f (dp/dt'vuoSf ) , then  by  ccmDOSlng  the 
combined  charge,  which  contains  substances  with  different  values 
cf  rate  u and  f ( cross-sect lonal  area  S=const),  It  Is  oosslble 
to  obtain  cn  recording  p(t)  tne  bends,  which  correspond  to  the 
combustion  cf  each  of  the  substances.  As  a rule,  the  combined 
c'p.arge  Is  ccmrosed  of  small  cylinders  of  the  auxiliary  substance 
with  a large  value  of  dp/dt  v/hose  combustion  sharply  raises  the 
presSL.re  In  the  bomb,  and  between  tnem.  the  Investigated  substance 
with  the  small  value  of  dp/dt  is  placed.  The  form  of  the  obtained 
recording  is  represented  on  Fig.  7.  Thus,  determilned  from 
recording  p(t)  Is  simultaneously  the  time  of  the  combustion  of 
the  small  cylinder  of  the  Investigated  explosive  of  known  length 
and  the  mean  pressure  at  which  Its  com.bustlon  occurs.  Each 
subsequent  small  cylinder  of  explosive  burns  at  a pressure  higher 
thar  the  preceding  pressure. 


Figure  7.  Curve  p(t)  with  combustion 
of  the  combined  charpe , which  includes 
three  (1,  2,  3)  small  cylinders  of  the 
Investigated  explosive  (trotyl). 
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In  other  experiments  was  applied  the  charge  of  the  investi- 
gated explosive,  which  contains  the,  sections  with  a small  and 
large  diameter  alternating  along  the  length,  which  performed 
respectively  the  role  of  the  main  (basic)  auxiliary  (forcing 
pressure)  element.  By  the  method  according  to  the  "bends"  of 
the  curve  p(t)  the  dependences  of  u(p)  of  a number  of  exolosives 
and  model  mixtures  up  to  pressures  of  ^000  atm  v;ere  determined 
[23]. 


In  connection  with  the  conditions  of  combustion  in  the  bomb 
of  "constant  pressure"  the  proposed  method  was  modified.  Applied 
was  a highly  sensitive  piezoelectric  sensor,  ’which  recorded  a 
small  pressure  increase  appearing  in  the  volume  of  the  bomb 
during  the  combustion  of  the  charge  and,  therefore,  the  beglnnlne: 
and  end  of  the  combustion. 

§ 3.  Pressure  Measurements 

Piezoelectric  method.  The  piezoelectric  apparatus  is  based 
on  the  fact  that  the  measured  pressure  p by  means  of  the  Piezo- 
electric material  is  con’^rerted  into  the  voltage  U proportional 
in  value.  The  obtained  signal  is  am.plified  and  then  recorded 
'with  the  aid  of  loop  or  cathode-ray  oscillographs.  The  measured 
pressure,  acting  on  the  piezoelectric  material,  causes  the 
appearance  on  its  faces  of  an  electrical  charre  q = n.F.  This 
charme  at  the  input  of  the  am.mlifier  creates  a voltame  U,  equal 


u 


r r 


V/  0 T*  ^ 


is  the  piezoelectric  m.od’ulus ; p - 


C - tiie  area  of  the  piezoelectric  material 
c.„  - scale  capacity  (capacity  at  the  input 


the  measured  pressures  ; 
receiving  the  pressure 
of  the  am.ollfier); 


1 - / 


- capacity  of  the  piezoelectric  material;  F - force. 

The  development  of  the  piezoelectric  sensor  Intended  for 
research  on  the  transition  of  combustion  Into  explosion  and 
detonation  is  connected  with  great  difficulties.  The  fact  Is 
that  In  this  case  It  must  possess  the  full  gamut  of  the  natural 
frequencies;  from  the  lowest  - for  the  recording  of  combustion, 
and  up  to  the  highest  necessary  for  the  study  of  sufficiently 
rapid  processes  close  to  detonation.  Furthermore,  this  sensor 
must  possess  high  mechanical  strength  and  be  hermetically  sealed. 
The  creation  of  the  universal  sensor,  which  satisfies  the 
enumerated  requirements,  presents  great  difficulties.  never- 
theless as  a result  of  the  work  carried  out  at  IKhF,  there  was 
developed  a piston-type  piezoelectric  sensor,  making  It  rosslble 
to  record  pressure  of  up  to  12,0CG  atm  with  the  rate  cf  groKt!-, 
dc/'dc<300  atm/ us  LlOj. 

Its  schematic  sketch  is  represented  on  Fig.  c.  The  sensor 
consists  cf  a steel  heat-treated  housing  6 screwed  Into  the 

body  of  the  bomb,  piste:';  b,  which  receives 
the  pressure  of  the  gases,  and  covers  wl^h 
a piezoelectric  packet. 


The  piston  and  channel  cf  the  housing 
of  sensor  are  thoroughly  are  ground.  The 
piezoelectric  racket  consists  of  a steel 
plate  - uase  limiting  metal  ring  3, 
two  or  four  cyMnirlcai  rlencelectrlc 
elements  1,  two  .hemlsoherl  c Inserts  2, 
.heat-treated  steel  membrane  , and  e'  '^trode 
7 Placed  between  th.e  plezcelectrlc  mate  'als. 
The  second  electrode  Is  the  housing  of  the  sensor.  It  is  necessary 
to  keep  in  mind  that  the  normal  operation  of  the  sensor  Is  provided 
for  when  the  parts  of  the  piezoelectric  packet  are  prelim.l narl ly 
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Figure  o.  Llagram. 
of  the  piezo- 
electric pressure 
ser.s  or . 
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pressed  by  a sufficiently  great  force.  Used  as  a piezoelectric 
material  was  a crystal  quartz,  which  possesses  high  mechanical 
strength  and  stable  piezoelectric  modulus  (n=2. 1*10”^^  C/kg). 

It  Is  known  that  the  compressive  strength  of  the  olezocrystal 
under  static  conditions  Is  approximately  1000  atm,  and  In  dynamic  - 
2000-3000  atm.  With  transient  processes  the  appearing  pressures 
exceed  the  Indicated  value.  Therefore,  used  was  the  principle  of 
comoensatlon  for  pressure,  which  was  achieved  by  the  use  of  a 
olston  whose  area  was  substantially  (6-10  times)  less  than  the 
area  of  the  piezocrystals.  In  the  majority  of  the  used  sensors 
the  diameter  of  the  piston  was  3-^  mm,  and  the  diameter  of  the 
piezoelectric  quartz  crystal  plates  was  10  mm.  Thus,  with  the 
aid  of  this  sensor  it  v;ould  be  possible  to  measure  principally 
the  pressure  of  up  to  15,000-20,000  atm.  However,  as  it  was 
noted  in  [24],  at  pressures  greater  than  12  thousand  atmospheres, 
the  piston  sensor  can  distort  results  (understate  the  value  of 
pressure)  due  to  the  considerable  lateral  deformation  of  the 
piston  and  its  wedging  in  the  channel  of  the  housing  of  the 
sensor . 

In  the  case  when  the  sensor  did  not  have  a piston,  and 
pressure  affected  the  oiezoelectric  packet  directly,  it  made 
it  possible  to  record  low  pressures  of  'x^lO  atm. 

The  electric  simnal  which  enters  from  the  sensor  was  amplified, 
-or  this  purpose  Zverev  designed  a special  electronic  amollfler. 

This  amplifier  had  a slov;  resoonse,  which  made  it  oossible  to 
use  the  piezoelectric  apparatus  also  in  prolonged  processes. 

At  the  same  time  it  had  a high  overall  passband  ('\^350,000  Hz) 
and  was  suitable  for  the  recording  of  short-time  high-frequency 
processes . 


The  transm.isslon  of  the  signal  from  the  sensor  to  the  amplifier 
v:as  ccrduct.r'h  with  the  aid  of  an  antivibration  cable. 
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Used  for  the  recording  of  the  signal  from  the  sensor  were 
the  loop  oscillographs  MPO-2  and  N-107  (with  slew  processes) 
and  the  apparatus  PID-9,  developed  at  IKhF  AN  SSSR  by  Sokollk 
and  colleagues  t?5]  (with  qulckf lowlr*g  processes).  The  apnaratus 
PID-9  on  the  b;;sls  of  the  cathode  double  oscillograph  OK-2^ 
was  Intended  for  the  recording  of  the  pressure  change  with  time 
In  a shock  wave  during  the  Investigations  of  the  action  of  an 
explosion. 

With  the  measurement  of  pressures  different  in  value  at  the 
input  of  the  amplifier  scale  capacitors  of  different  capacity 
were  Included.  The  calibration  of  sensors  was  conducted  by  the 
static-dynamic  method.  For  this  purpose  the  piezoelectric 
pickup  was  secured  in  the  special  device  In  which  on  a press  by 
means  of  oil  there  was  created  a definite  pressure  measured  by 
a specimen  .manometer.  Then  the  pressure  relief  during  a short 
(''.-IG"'^  s)  tlm.e  was  realized,  and  the  obtained  deviation  was 
recorded  on  an  oscillograph. 

Thus,  although  the  caiibratlcr,  was  conducted  In  the  conditions 
of  the  removal  of  the  load,  this  was  not  ref?ected  In  the  results 
of  the  experiment,  since  It  Is  known  that  piezocrystals  equally 
operate  both  under  compression  and  with  discharging.  All  the 
sensors  used  had  a linear  amplitude  characteristic.  'In  error  In 
the  piezoelectric  method  of  pressure  r.eas ure.ment  did  not  exceed 
3^. 


Besides  the  piezoelectric  sensor,  used  for-  determining  the 
pressure  is  also  a strain  gauge,  the  deficiencies  in  which  are 
high  sensitivity  to  a change  in  temperature,  and  the  need  for 
the  routine  (after  several  experiments)  calibration  of  the 
3 enscr . 


Let  us  examine  the  methods  of  pressure  measurement  in  a 
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compression  wave.  The  study  of  the  structure  of  compression 
waves,  which  appear  in  explosives  upon  the  transition  of  combus- 
tion into  detonation,  has  great  significance  for  the  understanding 
of  the  mechanism  of  the  phenomenon.  The  most  reliable  and  slmnle 
method  of  the  recording  of  parameters  of  compression  waves  is  the 
electromagnetic  method  [26,  27],  which  makes  it  possible  to 
Investigate  not  only  the  shape  of  the  wave,  but  also  to  calculate 
the  absolute  value  of  pressure,  since  by  this  method  the  velocity 
of  front  D and  the  velocity  of  motion  of  substance  behind  the 
front  U are  measured  simultaneously.  The  calculation  of  nressure 
is  realized  according  to  formula  p=DqDU  (pq  - the  initial  density 
of  the  explosive). 

The  ’■^aslc  purpose  of  the  method  is  the  measurement  of  the 
rate  of  motion  of  the  substance. 

Electromagnetic  method.  The  essence  of  the  electromagnetic 
method  consists  in  the  follov/ing:  with  the  movement  of  the 

conductor  in  a magnetic  field,  in  it  there  is  Induced  the  emf 
of  induction,  which  is  connected  v;ith  the  rate  of  motion  of  the 
conductor,  its  length  and  magnetic  field  strength  by  the  relation 

'e If Lu-h)-^, 

v;;:ere  is  the  emf  in  V;  H - magnetic  field  strength,  Oe;  U - 
rate  of  miotion  of  the  conductor,  cm/s;  L - length  of  the  conductor, 
cm . 


Hence  it  is  possible  to  determ.lne  the  rate  of  motion  of 
tne  conductor  U.  The  conductor  (we  will  subsequently  call  it 
the  sensor)  is  a strip  of  thin  aluminum  foil  (usually  v;ith  a 
thickness  of  0,05-0.  If  mr.)  and  width  of  10-15  mm  in  the  form 


o 
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the  letter  H whose  c.-oss-beam  I,  is  the  working  oart  of  the 
sensor . 
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Sensor  2 Is  located  In  charge  1 perpendicular  to  Its  axis, 
and  then  together  with  the  charge  It  Is  placed  Into  a magneto- 
static field  30  that  with  motion  the  working  plane  of  the  sensor 
would  Intersect  the  lines  of  force  of  the  magnetic  field  (Fig. 
9). 


Figure  9.  Diagram  of  the 
electromagnetic  method  of 
the  measurement  of  the  mass 
flow  rate  of  the  movement 
of  a substance. 


With  the  passage  of  the  compression  wave  along  the  charge, 
t.ie  sensor  Is  set  into  motion.  The  emif,  induced  on  Its  ends, 

Is  recorded  on  the  cathode-ray  os  cl llograrh . With  constant  H 
and  L the  value  of  the  emf  Is  a function  of  only  the  rate  of 
motion  of  the  sensor,  which  Is  equal  to  the  mass  flow  rate  of  the 
substance  In  the  wave. 

The  magnetic  field  is  usually  created  by  an  electromiagnet . 
The  electromagnets,  used  at  IKhF,  have  a magnetic  field  strength 
in  the  center  of  the  clearance  of  'tOO-800  Oe  with  a uniformity 
of  l)t.  Used  as  a recorder  was  the  double-beam.  cathode-r..y 
oscillograph  OK-17  with  the  frequency  of  transm.lsslon  along  both 
channels  of  10  FHz  and  the  rise  time  of  the  transient  char- 
acteristic of  0.035  ys . The  time  of  the  avalanche  of  the  leading 
front  of  the  pulse  from  the  beginning  of  the  rise  to  the  m.axlm.um 
value  Is  0.07  US.  The  avalanche  of  front  can  grow  with  an 
Increase  In  the  thickness  of  the  sensor  and  soeclflc  gravity  of 
the  m.aterlal  from  which  It  is  miade. 

For  the  measurement  of  the  wave  front  velocity  there  are 
used  either  tv;o  sensors  or  one  but  of  steeped  form,  which  was 
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proposed  by  Dremlnym  and  colleagues  [27].  Thus,  In  one  experi- 
ment the  average  wave  velocity  and  the  velocity  of  motion  of  the 
substance  behind  the  front  are  simultaneously  measured.  The 
electromagnetic  method  was  widely  applied  In  the  measurement  of 
the  detonation  parameters  and  also' for  studying  the  formation 
of  the  detonation  wave  In  experiments  on  percussion  Initiation. 
Piowever,  Its  utilization  for  the  study  of  the  mechanism  of 
the  formation  of  the  shock  wave  In  the  process  of  the  transition 
of  combustion  into  detonation  encounters  great  fundamental 
difficulties.  The  fact  Is  that  the  indicated  transition  is 
usually  observed  If  the  charge  of  explosive  Involves  a sufficiently 
durable  metal  shell.  The  electromagnetic  method  can  be  applied 
if  the  shell  of  the  charge  is  made  of  nonmagnetic  material, 
v.’hlch  frequently  is  Incompatible  with  the  conditions  of  strength. 

Sensors  of  comoression.  For  determining  the  oropagation 
velocity  of  compression  waves  [13],  sensors  of  comoression  were 
applied.  The  sensor  consists  of  two  wires  separated  by  Insulation. 
The  principle  of  their  action  is  based  on  the  closing  of  the 
circuit  of  electrical  current  as  a result  of  the  destruction  of 
the  Insulation  under  the  influence  of  a comoression  wave.  The 
sensors  are  calibrated  by  a definite  pressure.  The  advantage  of 
the  sensors  Is  the  fact  that  they  m.ake  it  possible  to  record 
the  passage  of  the  com.pression  waves  In  explosives  independently 
of  the  Oiaterial  of  the  shell.  Koviever,  they  are  unsuitable  for 
recording  the  shape  of  the  compression  waves,  since  the  sensors 
operate  when  the  pressure  exceeds  a certain  critical  value  (in 
[13]  sensors  v;ith  the  threshold  of  operation  of  8OO  and  2000 
atm  were  used). 

In  conclusion  one  should  em.phaslze  that  the  systematic 
possibilities  of  the  study  of  the  wave  pattern  v/hlch  apoears 
upon  transition  of  the  comibustion  of  solid  explosives  into 
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detonation  are  extremely  limited  and  considerably  lower  than  those 
which  exist  in  the  gas  systems  where  for  this  purpose  a highly 
efficient  Inertla-free  Sciilleren  photograph  Is  applied. 
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SOLID  EXPLOSIVES 


CHAPTER  I 

# 

GENERAL  CHARACTERISTIC  OF  POROUS  SYSTEMS 

The  destabilization  of  the  laminar  combustion  of  porous 
explosive  systems  is  caused  by  the  penetration  of  the  combustion 
into  the  pores  as  a result  of  the  filtration  of  the  combustion 
products  [^-7].  In  the  analysis  of  conditions  of  the  transition 
of  combustion  into  explosion,  v;e  will  utilize  some  results  obtained 
in  the  filtration  theory  in  the  study  of  the  flow  of  natural 
liquids  and  gases  into  porous  systems  and  also  the  basic  concepts 
and  determinations  formed  here. 

Understood  by  the  porous  medium  is  the  body  which  contains 
pores  - empty  gaps.  The  flow  of  liquid  (gas)  is  oosslble  only 
in  such  a case  when  at  least  part  of  the  pores  is  Imoarted  to 
each  other,  and  the  system  is  gas-permeable.  We  v/lll  be  restricted 
to  the  examination  of  the  porous  m.edia,  in  connection  with  'which 
the  m.olecular  structure  of  the  filtering  gas  is  not  affected,^ 
which  occurs  if  the  mean  free  path  of  molecule  does  not  exceed 
the  dimension  of  the  pores.  This  condition  is  satisfied  virtually 
for  all  systems  which  are  of  Interest  from  the  vlev;point  of  the 


^The  emergence  and  development  of  an  explosion  is  determined  by 
the  lav/s  governing  the  filtration  of  mainly  gaseous  combustion 
products.  The  question  concerning  the  role  of  the  fusion  will 
be  examined  specially. 
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possibility  of  the  transition  of  their  combustion  Into  an 

-O.xp  J.V.3  Ion . 

§ Basic  Pai'ameters  of  the  Porous  Medium 

- The  porous  system  Is  charazterl zed  by  the  following  basic 
parameters:  porosity,  gas  permeability,  specific  surface  area, 

distribution  of  the  pores  according  to  dimension,  and  particle 
sizes. 


Porosity  rr.  is  a volumetric  ratio  of  the  pores  V to  the 

n 

total  volurr.e  cf  the  specimen  : 

V„  1',  = i _ 6.  (1) 

wnere  6=p/p  Is  the  relative  density;  p - density  of  the 
max 

specimen,  g/cm'"';  c - maximally  possible  det'.slty  of  explosive 
. inax 

(oe.'isity  of  single  crystal). 

In  the  case  of  the  mixtures  value  p „ is  determined  by  the 

max 

=,■  Icul  at  Ion 


f’’"  = 
' mat 


‘Pu 


where  , p.  - v/elght  fractions  and  maximally  possible  density 

i 1 TTiax 

of  the  ith  component. 


Ferosity  is  expressed  In  the  fractions  of  one  or  in  per- 
ce.o'.ares.  T‘,ey  o'! '>tlngulsh  the  absolute  (physical)  porosity  , 
which  is  defined  from  formula  (1)  and  includes  both  the  connected 
and  closed  pores.  If  tiie  porosity  Is  determined  from  the  Inter- 
uependent  pore  space,  then  it  Is  called  the  open  (effective) 


porosity.  Subsequently,  without  special  stipulations  understood 
by  the  term  "porosity"  will  be  absolute  porosity. 

The  gas  permeability  k Is  that  property  of  the  porous 
medium  by  which  the  possibility  of  the  flow  of  gas  In  the 
specimen  Is  determined.  The  dimensionality  of  gas  permeability 
Is  ti'.e  square  of  the  length.  Frequently  used  as  a unit  of 
measure  Is  the  darcy  : 1 darcy=9 • 87 • 10  m . 

The  specific  surface  area  of  the  specimen  S cm'^/g  Is 

yg 

defined  as  the  surface  of  the  pores  per  unit  of  mass  of  the  solid 
substance. 

Since  the  surface  of  the  pores  In  the  general  case  has  an 

exceptionally  complex  form,  the  determination  of  the  concept 

"dimension  of  the  pore"  d Is  connected  with  difficulties  of 

n 

a fundamental  nature.  Convenient  from  a geometric  point  of  view 
Is  the  definition  according  to  which  the  dimension  of  the  pore 
at  any  point  of  the  pore  space  Is  a diameter  of  the  greatest 
sphere  w.dlch  contains  this  point  and  remains  a whole  v.’lthln  the 
space  of  the  pore  [28].  The  physical  side  of  the  question  is 
more  correctly  reflected  by  the  following  definition:  the 

dimension  of  the  pore  is  the  diameter  of  this  tube,  which  Is 
equivalent  to  this  pore  according  to  its  hydraulic  properties. 

This  approach  Is  utilized  In  the  construction  of  various  kinds 
of  theoretical  models  of  the  porous  medium.  It  is  natural  that 
the  porous  specimen  Is  characterized  by  the  defined  distribution 
of  pores  according  to  the  dimension.  V/ith  the  erccesslng  of  the 
obtained  results,  standard  distribution  curves,  knov/n  from  mathe- 
matical statistics  (of  Gauss  type),  are  used. 

An  Important  characteristic  Is  also  the  particle  sizes  - 
especially  for  the  porous  systems  in  whl^-h  the  shape  and  dimension 
of  the  particle.s  do  not  change  In  tne  production  of  specimen  and 
Its  combustion. 
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The  enumerated  parameters  are  determined  experimentally. 

The  methods  and  results  of  their  measurement  in  connection  with 
the  explosives  will  be  presented  below  (in  § 5). 

At  the  same  time,  of  considerable  interest  ore  the  theo- 
retical ways  of  evaluating  the  indicated  magnitudes  and  the 
establishment  of  the  dependences  between  them.  Thus,  in  a number 
of  cases  it  is  necessary  to  evaluate  the  mean  diameter  of  the 
pore,  the  particle  sizes,  the  valc'^  of  specific  surface  area  in 
terms  of  the  known  values  of  the  ■rmeablllty  and  porosity, 

iuch  estimates  can  be  obtained  from  exam.lnatlon  of  the 

simplified  theoretical  models  of  the  porous  medium. 

Theoretical  Models  of  the  Porous  Medium 

A distinctive  feature  of  the  porous  systems  is  the  disorder 
cf  th.elr  structure.  The  solution  to  the  Navler-Stokes  equation 
for  viscous  fluid  flow  in  the  disordered  system.s  is  impossible. 
Therefore,  in  theoretical  studies  the  real  porous  medium  is 
replaced  by  liie  simplified  ordered  models  with  the  equivalent 
hydraulic  properties.  The  exact  solution  of  the  Navler-Stokes 
equation  exists  for  the  case  of  flow  along  a direct  round  tube. 
This  fact  was  used  in  the  design  of  models. 

'.vide  acceptance  was  given  to  the  model  of  an  ideal  ground, 
v.'hlch  consist  of  identical  pores  of  a cylindrical  shape  whose 
axes  are  parallel  to  each  ether  L29].  For  this  m.odel  the  average 
hydraulic  diameter  of  the  pore  d^=9s/x  (where  S Is  the  cross- 
sectional  area  of  the  pore,  - wetted  perimeter)  Is  determined  in 
terms  of  the  gas  permeability  and  porosity  in  the  following  way: 

= (2) 


i 


ir 
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The  value  6 weakly  depend?  on  the  form  of  the  cross  section 
of  the  Pore,  and  Its  average  value  Is  taken  as  6=1.37  (for 
the  section  In  the  form  of  a circle  6=1. ^1).  Expression  (2) 
makes  it  possible  to  • valuate  the  average  hydraulic  diameter  of 
the  pore,  since  In  this  model  it  Is  assumed  that  all  the  pores 
are  Identical.  An  Ideal  ground  Is  an  example  of  the  capillary 
model  of  the  porous  medium. 

More  complex  Is  the  model  proposed  by  Koseny  and  the  model 
perfected  by  Karman  In  which  the  porous  medium  Is  the  totality 
of  channels  of  different  cross  sections  but  definite  length. 

This  model  makes  it  possible  to  establish  the  connection  between 
gas  permeability,  porosity  and  specific  surface  area  of  the 
cores  S 

yA 


The  equation  of  Kozeny  (3)  Is  used  for  determilnlng  the 

specific  surface  area  of  the  pores  S and  nartlcle  sizes. 

yg  ■ 

The  single  bond  between  the  diameter  of  thi  pore  and 
particle  sizes  occurs  for  the  porous  systems  which  consist  of 
Identical  spherical  particles  with  a diameter  of  r.  In  thlo 
case,  as  this  follows  from  the  theory  of  the  stacking  of  the 
spheres  [28,  29],  the  porosity  does  not  depend  on  the  diameter 
of  the  particles.  A stable  stacking  with  m.lnlmum  porosity  m=C.259 
is  rhomboldal.  A stable  stacking  with  maximum  noroslty  is  not 
yet  found  (the  stable  stacking  of  the  spheres  with  porosity 
m=0.57p  is  described  in  literature).  The  average  hydraulic 
diameter  of  the  pore  for  the  system  of  identical  spherical 
particles  Is  equal  to  [29] 


d 'n  - 
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For  the  multl-dlsperse  systems,  which  consist  of  particles 
of  arbitrary  form,  the  hydraulic  diameter  of  the  pore  can  be 
calculated  [30]  from  the  formula 
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(5) 


where  V Is  the  volume  of  the  particle;  s’  - area  of  the  particle; 
r'  - diameter  of  the  sphere  equivalent  to  this  particle  In 
volume . 

A precise  estimate  of  the  actual  form  and  size  of  the  particles 
Is  extremely  difficult.  h'evertheless , the  particles  are  char- 
acterized by  a definite  dimension  (see  § 5). 

Numerous  attempts  at  the  theoretical  calculation  of  ras 
permeability  did  net  enjoy  success.  The  ootalned  computed  values 
always  differed  significantly  from  the  experimental  values. 

Also  unsuccessful  proved  to  be  the  attempts  to  establish  the 
single  universal  dependence  between  the  gas  permeability  an, a 
porosity.  Therefore,  gas  permeability  is  determined  only  experi- 
mentally . 

It  is  necessary  to  emphasize  the  follcwina:  Important  fact. 

In  the  ccnstructjcn  of  theoretical  models  of  the  porous  medium 
it  was  assumeu  that  all  the  pores  were  opened  for  the  course  of 
tne  liquid  (gas).  Therefore,  the  porosity,  which  enters  Into 
experesslcn  (2)-(5),  makes  sense  to  fce  opened. 


Some  Eayuatlcns  of  the  Filtration  of 
In  a Ferous  f-ic-dlum. 


laS 


Usually  the  miCtlon  In  the  pores  Is  considered  to  be  laminar, 
Cne  should  apply  the  Mavl er-Stokes  equation,  to  the  process  of 


c 


the  laminar  filtration  of  viscous  fluid  in  the  porous  medium. 

As  was  noted,  the  direct  Integration  of  this  equation,  due  to 
the  complexity  of  the  boundary  conditions,  Is  not  possible. 
Leybenzon  [29]  derived  the  general  equation  which  describes  the 
unsteady  laminar  filtration  of  the  compressible  fluid  in  an 
ut'ideformable  (k  = conEt,  n=const)  porous  medium,  after  replacl.ng 
the  effect  of  viscosity  with  ficticious  resisting  forces. 

In  the  case  of  gas  it  Is  recorded  In  the  form 


r>p  - -L‘'^ 

tik  p ot  ' 


(6) 


vlnere  P = p^*'*’^^^‘ ; n - polytroplc  exponent  In  equation  r^'^'^=ccnst  • p ; 
t,  c,  p - pressure,  density  and  viscosity  of  t!:e  gas  respectively. 

i;quatlcn  (6)  Is  a nonlinear  second-order  equatlcn  with 
partial  derivatives  cf  the  caratolio  tyre.  The  Integration  of 
(£)  is  facilitated  for  the  case  of  cne-dlmensional  mctlcn  under 
the  follov/lng  cc.naltlons: 

1)  If  the  filtration  Is  Isothermial  (n=l),  th-^n  (6)  Is  v/rltter; 
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(7) 


[solution  to  (7)  ’was  given  by  Boussl.'iesq  ] ; 


2)  if  it  Is  possible  to  assume  the  pressure  cf  gas  p to  be 
constant  (p=Pq)  (for  example,  for  the  case  when  the  filtration 
of  the  gas  Is  realized  under  the  action  of  a differential 
hc<<Pr^).  Theri  the  solution  to  tne  aprroxlriate  equation 


n )i.  or 
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(8) 
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Is  the  solution  to  the  usual  equation  of  thermal  conductivity. 

For  the  laminar  motion  the  law  of  Darcy  Is  valid,  accordl^’t^ 
tc  which  the  linear  rate  of  filtration  Is  proportional  to  the 
pressure  gradient: 


k Jp 
"jr  lix  ■ 


(9) 


The  ml.'ius  sign  shows  that  the  flow  has  a direction  opposite  to 
ar.  increase  In  the  gradient. 

The  law  of  Darcy  Is  applicable  If  Reynolds  number  Re=vd^o/p 
(d^  the  diameter  of  the  pore  or  particle  size),  v.'hich  determines 
th  flc'.v  pattern  of  the  gas  in  the  pores,  does  not  exceed 
critical  value.  According  to  different  authors,  thie  indicated 
value  lies  in  the  interval  Re=i-7f,.  The  lav;  cf  Darcy  Is  ful- 
flLled  in  r.  wide  region  of  filtration  rates,  and  deviations  from, 
it  occur  extremely  slowly  and  are  observed  only  at  hie:}',  and  low 
rates  cf  flow.  In  the  first  case  this  is  cor.r.eoted  v.'lth  the 
erriergonoe  of  the  turbulent  flcv.’  and  in  the  other  case  v;lth  the 
molecular  effects.  Based  or.  the  utilization  of  the  law  of 
Darcy  are  the  methods  of  the  determination  of  the  gas  permeability 
of  porous  specimens. 


.■^uch;  is  briefly  tho  general  inforr.atlcn  about  the  rorous 
meaium,  which  we  will  subse-iuent ly  use. 

The  obtaining  of  porous  explosive  systems.  As  was  noted, 
the  minimum  porosity  which  car.  be  reached  in  the  case  of  Identical 
srherlcal  particle  is  C.259  The  real  porosity  of  the  bulk 
charges  of  the  exr.loslves,  as  a rule,  lo  5ub.=  tantlally  higher  than 
trie  theoretical  ana  is  equal  to  O.ir-G.7.  For  the  rurpese  of  a 
decrease  in  the  porosity  different  methods  of  racking  are  used. 
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The  method  basic  and  widespread  In  practice  of  the  packing 
of  explosives  Is  the  method  of  dead-end  pressing.  This  method, 
extremely  simple  In  execution,  makes  It  nosslble  to  prepare  the 
specimens  whose  roroslty  and  gas  permeability  can  be  changed 
over  wide  limits.  The  advantage  of  the  method  Is  the  possibility 
of  obtaining  (with  the  observance  of  definite  rules  of  pressing) 
specimens  uniform  In  length  and  diameter  with  the  necessary  and 
well  reproducible  properties.  Furthermore,  as  it  v/ill  be  shown 
belov;,  a large  part  of  the  pore  space  proves  to  be  that  which 
was  interconnected.  For  this  very  reason  the  porous  sneclmens 
of  explosives  prepared  by  this  method  were  the  basic  object  in 
the  study  of  the  transition  of  combustion  into  explosion. 

Usually  used  are  press  molds  v;ith  rounded  cross  section. 
Recently  there  began  to  be  used  also  cress  molds  of  rectangular 
cross  section.  The  experience  of  Dressing  shows  that  the  molding 
uniform  in  volume  of  the  speclm.en  is  reached  v/lth  the  octim.um 
relationship  between  the  height  and  diameter  of  the  sceclmen 
e::uai  acproxlmiately  to  0.5*  Therefore,  we  obtained  elongated 
charges  by  the  connection  of  a considerable  quantity  of  thus 
pressed  cylindrical  cellets ' whose  number  v;as  decreased  when  using 
rectangular  plates.  With  the  pressing  of  explosives  Into  a 
cylindrical  shell  there  was  acplied  the  portion  method,  wuhlch 
entails  the  successive  pressing  (v/lthout  overflow)  of  separate 
oharP'es  of  the  explosives.  The  height  of  each  Dressing  in  this 
case  did  net  exceed  half  of  the  diameter. 


The  substance  with  pressing  is  found  under  condition  close 
tc  hydrostatic  stress.  Under  the  action  of  the  applied  load  there 
:;ccurs  the  packing  of  the  substance,  which  is  determiined  by  the 
r. rccess''-‘s  of  destruction  ( fragmentation ) of  the  narticles  and 
plastTc  formation . After  the  overflew  the  scecimien  is  unloaded, 
•.■.•hich  is  acccm.panied  by  a small  increase  in  the  volume.  The 
t ai r; ' ng  of  charges  v;ith  a different  norosity  is  achieved  by 
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a charij^e  In  the  compacting  pressure  P^p*  minimum  maximum 

porosity  which  can  be  obtained  by  dead-end  pressing  depends  on 
the  Individual  properties  of  explosives  and,  first  of  all, 
on  Its  strength  characteristics,  which  Is  confirmed  by  the  data 
given  below; 


’ndex 

TNT 

1 PFTS' 

! 

1 c*" 

az  ide 

Majcimum  prrostty 
T^nsil^*  str6ngt,^  ' 

®np- 

0,02 

0.025 

520 

0.(C5 

i'.\  0 

1 

i O.n.15 

1 ®‘' 

1 

0,15 

1550 

Represented  here  are  the  values  of  minimum  roroslty  of  somie 

explosives,  obtained  at  the  maximum  operating  nressure  of  pressing 

of  «000  atm,  and  the  tensile  strength  deterr.lned  In  work  [31]. 

The  corrected  values  of  the  tensile  strength  are  established 

In  the  study  of  the  sensitivity  of  the  explosive  to  the  shock 

ai'id  charac  Lei‘1  Zfc! , In  the  opinion  of  the  authors,  the  trans- 

crystalllne  (Intrinsic)  strength  of  the  explosive  as  a material. 

In  spite  of  the  specificity  of  the  conditions  of  the  deformation, 

the  obtained  values  of  o give  the  conceots  about  the  strength 

np  ^ 

of  different  explosives. 

Thus,  the  less  the  tensile  strength,  the  lower  the  minimum 
porosity  and  higher  the  ocmpresslblllty  of  the  explosive.  In 
§ 5 It  will  be  shown  that  tne  strength  properties  of  explosives 
exert  a substantial  Influence  also  on  the  ohysical  structure 
of  the  pore  space. 

The  density  of  the  pressing  at  fixed  compacting  pressure 
depends  also  on  the  dlm.enslons  of  the  particles  of  explosives, 
the  presence  of  the  cem.entlng  addition  and  the  relationship 
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between  the  geometric  dimensions  of  the  specimen  whose  role  Is 
not  examined  here.  That  presented  above  was  related  to  the 
case  when  the  pressing  was  Implemented  at  room  temnerature  and 
without  the  use  of  a solvent.  When  using  preheating  and  special 
solvents.  It  Is  possible  to  obtain  the'  specimens  virtually  devoid 
of  porosity. 

For  obtaining  the  charges  of  explosives  and  the  mixture 
powders  of  high  density,  a casting  method  Is  also  utilized.  The 
structure  of  the  porous  charges,  prepared  according  to  casting 
technology,  dlffe^^s  significantly  from  that  which  Is  obtained 
by  the  method  of  dead-end  pressing.  For  the  cast  systems  Is 
characteristic  the  porosity  in  the  form  of  bubbles  and  craters, 
the  overv;helmlng  majority  of  which  is  not  connected  with  each 
other.  The  value  of  porosity  in  the  cast  charges  deoends  on  the 
conditions  of  cooling  and  polymerization,  and  the  method  of 
pouring  and  is  0.'01-0.03.  The  possibilities  for  obtaining  by 
the  given  method  of  charges  with  a different  porosity,  which  is 
changed  over  wide  limits,  are  very  limited.  With  the  aid  of 
casting  technology  it  is  extremely  difficult  to  obtain  uniform 
porous  specimens  with  definite,  preassigned  orooertles. 

The  pressed  porous  systems  are  deprived  of  the  indicated 
deficiencies  and  open  up  considerably  greater  possibilities  from 
the  research  point  of  vlev/.  With  following  presentation  every- 
v/here  (without  special  stipulations)  by  the  terms  "porous 
explosives"  and  "porous  medium"  one  understands  as  systems 
obtained  hy  dead-end  pressing. 

§ 5.  Methods  and  Results  of  Measurement 
of  the  Basic  Parameters 

Determination  of  porosity.  In  the  measurement  of  absolute 
porosity  in  essence  the  method  based  on  the  measurements  f 
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density  is  utilized.  The  calculation  of  porosity  Is  conducted 
according  to  formula  (1).  The  density  of  the  specimen  p Is 
determined  by  the  method  of  volumetric  displacement.  Used  Is 
a fluid  (for  example,  mercury)  which  does  not  Interact  with  th» 
substance  and  does  not  penetrate  the  pores  of  the  specimen.  The 
preliminary  coating  of  the  specimen  with  a film  of  corresponding 
material  makes  It  possible  to  expand  the  circle  of  the  fluids 
used.  Introduced  here  Is  a correction  for  the  volume  of  the 
coating.  The  volume  measurement  of  the  specimens  with  low 
porosity  can  be  conducted  by  means  of  hydrostatic  suspenslori, 
without  resorting  to  coating.  The  volumie  of  the  porous  specimen 
cf  correct  form  Is  also  determined  from  Its  geometric  dimensions. 

There  Is  also  a whole  series  of  special  methods  of  the 
determination  of  the  absolute  porosity,  with  the  content  of  which 
It  is  possible  to  be  acquainted  In  works  [26,  29]. 

For  the  measurement  of  the  open  porosity  the  method  of 
saturation  or  the  method  of  the  expansion  of  gas  is  applied. 

The  first  of  the  Indicated  methods  is  based  on  the  saturation 
of  the  porous  speclm.en  by  the  fluid.  Utilised  Is  either  the 
fluid,  which  penetrates  well  Into  the  pores  (for  example, 
kerosene),  then  the  saturation  of  the  specimen  Is  realized  In  a 
vacuum,  or  mercury,  which  is  forced  Into  the  evacuated  specimen 
under  high  pressure.  The  amount  of  fluid  which  enters  into  the 
specimen  characterizes  the  value  of  the  Interdependent  pore 
space . 


The  method  of  the  expansion  of  the  gas  is  based  on  the 
direct  measurement  of  the  air  volume  In  pores  of  the  specimen. 

For’  this  purpose  the  specimen  Is  connected  with  the  chamber  of 
Irrcreased  pressure  whose  volume  Is  known.  The  pressure  change 
in  specimen-chamber  system  makes  it  possible  to  calculate,  on  the 
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basis  of  the  law  of  Boyle-Marlotte , the  volumes  of  the  connected 
pores . 

Represented  below  are  results  of  the  measurement  of  open 
porosity  In  specimens  of  TNT,  tetryl,  cyclonlte  (Initial  particle 
size  r=110-1^0  u)  and  ammonium  perchlorate  (AP)  [nXA]  (r=10  y), 
obtained  by  the  saturation  method. 
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The  specimens  of  TNT,  tetryl,  and  cyclonlte  were  saturated 
by  mercury,*  and  ammonium  perchlorate  - by  kerosene. 

As  follows  from  these  data,  with  porosity  m>0. 16-0.2  the 
pores  of  all  investigated  explosives  are  comoletely  interconnected. 
With  a decrease  In  porosity  m the  volume  of  the  connected  pores 
is  decreased,  which  Is  clearly  exhibited  for  explosives  which 
are  characterized  by  low  strength  (TNT,  tetryl).  However,  In 
the  case  of  high-strength  cyclonlte  even  v/lth  low  porosity  close 
to  maximum,  the  formations  of  closed  (note  connected)  pores  Is 
not  observed.  Thus,  the  structure  of  the  pore  soace  depends  on 
the  strength  properties  of  the  explosives  and,  therefore,  on 
the  nature  of  the  deformation  of  explosives  with  Dressing. 


^The  determination  of  open  porosity  and  distribution  of  the  pores 
according  to  dimension  (see  Fig.  10)  was  conducted  by  Mel’nikov 
and  Volkov,  utilizing  the  method  of  the  forcing  of  mercury  into 
the  pores. 
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Determination  of  the  Distribution  of  Pores 
According  to  Dimension 

Usual]. y the  method  of  the  forcing  of  mercury  Into  the  system 

of  pores  which  partially  has  already  been  examined  above  Is 

utilized,  The  distinction  consists  only  of  the  fact  that  the 

volume  of  mercury  In  the  pores  Is  determined  at  different  pressures. 

The  porous  specimen  Is  placed  into  the  chamber  with  a strictly 

defined  volume  and  evacuated.  Then  the  forcing  of  the  mercury 

at  a certain  elevated  pressure  is  realized,  whereupon  the  volume 

of  the  mercury  getting  Into  the  pores  and,  therefore,  the  volume 

of  the  pores  of  the  given  dimension  V . The  indicated  operatior 

n 

Is  repeated,  tut  already  at  a higher  pressure,  when  pores  of 

i-‘‘C3  dinonslcn  are  filled  with  mercury,  and  is  continued  until 

the  mercury  fills  all  the  pores.  The  dimension  (diameter)  of  the 

pores  d^  Is  calculated  from  the  equation  of  the  caclllary  drop. 

Thus,  experimentally  obtained  Is  the  dependence  of  the  volume 

of  the  pcres  \’  on  dimension  of  d , l.e.,  the  Integral  distrlbu- 
n n ’ ^ 

tlcn  curve  of  the  pores  according  to  dimension  V (d  ).  Used 

n n 

more  frecuently  are  differential  curves  a(d  ),  where  a Is  a 
■ n 

pai^t  of  the  pore  space  which  includes  pores  with,  a dimension  of 

d_  to  d +Ad„. 
n n n 


c/  i'j  luo  pm 


Figure  10.  Differential  curves  of  the 
distribution  of  pores  according  to  the 
dimension  obtained  by  the  method  of  the 
pressing  of  the  mercury  (initial  particle 
size)  r=110-1^0  pm): 

1-3  trotyl: 

1 - n=0.21; 

2 - 0.16; 

3 - 0.0^.; 

^ - cyclonlte,  m=0.05 


-I 

3 


Figure 
the  pores  a 


10  depicts  the  differential  curve  distribution  of 
cording  to  dimension,  which  are  obtained  by  the 


graphic  differentiation  of  the  experimental  curves  V^(d^)  (plotted 
along  the  axis  of  the  ordinates  Is  the  value  of  the  derivative 
AV^/A  Ig  d^). 

Data  of  Fig.  10  give  a demonstrative  concept  about  the  value 
of  the  significant  dimensions  of  the  pores. 

It  Is  Interesting  to  trace,  first  of  all,  a change  In  the 
dimension  of  the  pores,  which  correspond  to  a maximum  in  the 
distribution  curve  In  specimens  of  TNT  of  different  porosity. 

Even  with  a comparatively  high  porosity  (m=0.21)  the  corresponding 
dimension  Is  a sufficiently  low  value  ('v4  ym),  and  with  a 
porosity  of  m=0.05  It  decreases  by  one  order.  The  greatest 
(maximum)  dimension  of  the  pores  decreases  in  this  case  from  50 
to  1 y . 


The  value  of  the  pores  in  the  specimen  of  cyclonite  is 
noticeably  higher  than  that  In  the  case  of  TNT  of  the  same 
porosity  (m=0,05)  and  of  the  initial  dispersity,  v;hlch  Is  in 
accordance  with  the  data  presented  earlier. 

In  § 15  of  Chapter  III  it  v;lll  be  shovm  that  the  high 
combustion  stability  of  secondary  explosives  is  connected  v.'ith 
the  formation  on  the  surface  of  a continuous  molten  layer  v;hich 
stabilizes  the  combustion  until  its  thickness  becomes  commen- 
surable with  the  maximum  size  of  the  cores.  The  estimates 
carried  out  on  the  basis  of  this  condition  gave  the  value  of 
the  pores  close  to  that  which  follows  from,  the  imimedlate  deter- 
m.ination  of  the  distribution  of  pores  according  to  dimension. 

It  is  in'  eresting  that  the  experiments  on  combustion  and  the 
estimate  of  the  dimension  of  the  pores  were  carried  cut  ear.^ler 
than  the  distribution  curves  of  the  pores  according  to  dimen- 
sion v;ere  obtained. 
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Measurement  of  Gas  Permeability 

The  gas  permeability,  which  determines  the  flow  of  gas  along 
the  pores  and,  therefore,  the  possibility  of  the  destabilization 
.of  the  laminar  combustion  depends  not  only  on  the  porosity,  but 
also  on  the  dimension  of  the  particles,  nature  of  their  packing 
and  structure  of  the  pore  space.  Therefore,  there  does  not 
exist  the  universal  theoretical  dependence  between  the  gas 
permeability  and  poi-oslty,  and  its  concrete  form  is  established 
experimentally.  The  measurement  of  gas  permeability  is  based 
on  the  uolllsatlcn  of  the  Darcy  law.  E.xperlments  are  conducted, 
'as  a rule,  in  conditions  of  the  steady-state  Isothermal  flltra- 
■ cion  of  the  gas.  The  procedures  u^ed  differ  only  in  termis  of 
the  structural  formulation. 

The  determination  of  the  gas  permeability  in  specimens  with 
small  porosity  (m<0.15)  v;as  conducted  [1C]  on  an  apparatus  v/.hose 
diagram  is  represented  on  Fig.  11a.  The  basic  difficulty  which 
appears  in  the  measurement  ef  gas  permeability  in  this  case 
eiitalls  cne  ellmlr;ation  of  the  possibility  of  the  flow  of  gas 
ever  the  lateral  surface  of  the  specimen,  which  was  reached  in 
the  following  way. 


The  substance  investigated  v/as  filled  into  well  ground  conical 
mold  t and  pressed  up  to  the  necessary  porosity.  Before  pressing 
Che  surface  of  the  mold  is  coated  with  a thin  layer  of  bitumen, 
applied  from  a solution  in  gasoline,  which  Improved  the  cohesion 
oeev/een  the  specimen  and  the  mold.  The  use  of  a conical  meld 
eliminated  the  possibility  of  the  displacement  of  the  porous 
specimen  7 in  the  process  of  tr.e  experiment  due  to  the  effect 
of  the  pressure  differential.  The  packing  of  mold  In  the  apparatus 
was  realized  with  the  aid  of  rubber  packings  6 and  a nut  3. 

As  the  specially  carried  out  checking  showed,  the  accepted 
measures  provided  the  air  tightness  of  the  assembly  as  a whole. 


I 


* 


Figure  11.  Diagram  of  Installation  for  the  measurement  of  gas 
permeability  In  specimens  with  low  (a)  and  high  (b)  porosity. 


Gas  (mainly  nitrogen)  from  cylinder  1 through  the  reducer 
and  coils  9 and  10  approached  the  entrance  of  the  porous 

specimen  ?.  In  coll  10  the  gas  was  purified  of  the  water 
vapors  by  means  of  freezing  out  by  dry  ice.  In  coll  9 the  dried 
gas  was  heated  to  room  temperature  at  which  the  m.easurement s 
were  conducted.  The  cressure  of  the  gas  p . at  the  Inlet  v;as 

a 

rr.easured  by  a specimen  manometer  2,  and  the  pr'essure  at  the 
output  p^  v.'as  virtually  equal  to  the  atmicspjierlc  oressure.  A 
pressure  dlfierential  Ap=P2~P]_  on  ends  of  the  sceclmen  maintained 
constant  and  did  not  exceed  1C  atm.  By  m.eans  of  a small-scale 
gas  meter  5 was  determined  the  volumetric  flow  rate  of  the  gas 
passed  through  the  specliuci.,  the  dissolution  and  abscrptlcn  of 
which  was  eliminated  by  the  preliminary  saturation  of  water  In 
tr;e  gas  meter.  The  gas  flew  was  measured  after  the  establlrhr.ent 
of  the  filtration  conditions. 


The  calculation  of  gas 
basis  of  ti'.e  Darcy  law  (9), 
of  the  gas.  Presenting  (9) 


r-ermeabl  1 i ty  was  conducted  on  the 
taking  into  account  the  compressibility 
in  the  form  of 


and  writing  down  the  filtration  flow  of  gas,  referred  to  the  mean 
pressure  p =»(p,+p-)/2  with  Isothermal  flow  as  Q =p->Q/p  . we 

obtain  the  Initial  formula  for  the  calculation  of  the  gas 
permeability : 


(10) 


where  k Is  the  gas  permeability,  Darcy;  L - length  of  the  specimen, 
cm;  S - the  middle  cross-sectional  area,  cm'^ ; Q - the  measured 
flow  of  gas  (cm^/s)  at  atmosoherlc  pressure  at  the  output 
p^=i  atm(abs);  p - viscosity  of  the  filtering  gas,  cp . 

From  (1C)  it  follows  directly  that  the  flow  rate  of  the  gas 
which  passed  through  the  specimen  Q with  constant  gecmiStrlc 
dlmenslcns  of  the  specimen  changes  linearly  v/lth  value  Cp-c^. 

On  this  apparatus  there  was  conducted  the  determination  of 

gas  perm.eablllty  In  the  specimens  of  explosives  \v-ith  a ooroslty 

of  m=0 . 15-C . G 3 . The  corresponding  Interval  of  the  variation  In 

— 2 —6 

the  gas  permeability  was  10  -10  Darcy.* 

Some  of  tne  obtained  results  [10]  are  represented  on  the 
graph  of  Fig.  12.  Plotted  along  the  axis  cf  the  ordinates  is 
tne  logarithm  of  Inverse  gas  perm.eablllty  (expressed  In  Darcy) 
and  along  the  axis  of  the  abscissas  - absolute  ccroslty. 


*'Jas  porm.eabi  lity  k=lC~^  darcy  Is  a very  lew  value  and  is  sub- 
stantially less  than  the  gas  permieablllty  cf  the  overwhelmilng 
majority  cf  the  natural  recks  and  soils. 


Figure  12.  Dependence  of  tne 
logarithm  of  reverse  gas  per- 
meability on  porosity  (Initial 
particle  size  r=5-20  um) : 1 - 

PETN ; 2 - stoichiometric  mixture 
of  trotyl  with  ammonium  per- 
chlorate; 3 - trotyl. 


The  measurement  of  gas  permeability  in  the  specimens  with 
high  porosity  (m>0.15)  was  realized  [32]  on  an  arparatus  whose 
diagram  Is  shown  on  Fig.  lib.  The  Investigated  oorous  srecimen 
1 '.-.■as  rlaced  on  the  backing  2 of  the  filter  oarer  for  ensuring 
tl';e  stability  of  the  results  of  the  measurements.  Before  the 
exrcrlment  there  was  produced  the  preliminary  pumuing  out  with  a 
closed  valve  5^^  of  volume  1)  up  to  a certain  pressure 

less  than  atm;ospherlc  p,  at  ip  = p^-Pp  = 100-lbC  mmj  H-0.  Then  the 
valve  was  closed,  and  was  opened.  The  ^nleakage  of  air 
through  the  Investigated  charge  of  the  explosive  in  volume  V 
was  begun.  Simultaneously  with  the  aid  of  a movie  camera  K' 
a recording  of  the  pressure  change  with  time  from  readings  of 
the  manometer  F.  and  stopwatch  C v/as  made.  In  connection  with 
experimental  conditions,  the  utilization  of  the  law  of  Darcy 
leads  to  the  follo'wlng  expression  for  determining  the  gas 
pormicabi  llty  : 


/.  „ //I  N ,0/;.  1 \ 

'■  M-)-  1,77 '-v/'- 


Witn  derivation  of  expression  (11)  the  conirresslbl  11  ty  of  the 
gas  v;as  not  considered,  which  was  ,’ustlfled  since  V.'lth 

the  exanlna‘;lcn  of  results  cf  the  mieasurement  the  correction 
v.'hich  considers  the  resistance  of  the  backlne  2 and  other  rarts 


le  apparatu.s  was  introduced 


_i  I, 1 rn lip  I '|”T 

'■■p'mpwM’P'  i r 


with  the  aid  of  the  apparatuses  described  above  the  deter- 
mination of  the  gas  permeability  of  the  specimens  of  a series  of 
explosives  In  the  wide  Interval  of  the  variation  In  the  porosity 
_ (m=0. 8-0. 03)  was  conducted,  and  in  this  case  the  range  of  the 
change  In  the  gas  permeability  was  7-8  orders.  As  an  example 
the  graph  of  Fig.  13  shows  the  corresponding  results  for  the 
PETN  of  different  dlsperslty. 


’.g  mk) 


Figure  13*  Dependence  of  the  loga- 
rithm of  reverse  gas  permeability 
on  porosity  for  specimens  of  PETN 
pressed  from  particles  5 pm  (1)  and 
50G  pm  (2)  in  dimension:  o,  1 - 

data  [10];  o,  x - data  [32]. 


From  an  examination  of  data  of  Fig.  13 j it  follows  that  the 
nature  of  the  dependence  of  the  gas  permeacTllty  of  PETU  cn  the 
porosity  at  the  value  of  the  latter  of  m=L.l-C.2  is  substantially 
changed.  If  with  m>C.15  the  findings  In  coordinates  Ig  (1/k)  - m 
are  satisfactorily  placed  on  a straight  line  and  are  apcroxlmated 
by  the  dependence  of  the  form  k=a'e''^  b'  - constants,  then 

at  smaller  values  of  porosity  curves  are  noticeably  steeper 
(a  sharp  drop  in  the  gas  permeability  is  ctserved).  It  is 
Icglcal  to  connect  this  effect  with  a change  in  the  sturcture 
cf  tl'je  pore  space. 

From  the  findings  it  Is  evident  that  the  gas  permeability 
substantially  depends  on  the  Initial  particle  sizes  of  the 
explosives.  This  result  Is  trivial  in  connection  with  specimens 
with  high  porosity.  However,  the  fact  that  at  very  lew  values 
of  porosity  ( m-C . 0 3- G . 03 ) the  gas  permeability  of  the  specimens 
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pressed  from  large  grains  continues  to  remain  noticeably  higher 
deserves  attention.  Actually,  It  was  possible  to  expect  that 
the  Intense  fragmentation  of  the  substance  In  the  process  of 
pressing  at  high  pressures  (3000-^000  atm)  leads  to  the  dis- 
appearance of  the  dependence  of  the  properties  of  the  soeclmen 
on  the  Initial  particle  size.  An  experiment  shows  that  this 
does  not  occur.  The  specimen  condensed  to  high  density  continues 
to  "store"  the  history  of  Its  production. 

Subsequently,  It  will  be  shown  that  this  effect  of  the 
particle  size  In  very  compact  specimens  Is  exhibited  both  with 
combustion  and  with  excitation  and  development  of  the  explosion. 

Having  available  the  dependences  of  gas  permeability  on 
porosity  for  a series  of  explosives,  we  were  able  to  compare 
the  stability  of  their  combustion  with  Identical  gas  permeability 
and  the  close  structure  of  the  specimens.  Only  this  comparison 
could  determine  the  role  of  the  physicochemical  and  thermochemical 
properties  of  explosives  In  the  process  of  the  destabilization 
of  laminar  combustion. 

Measurement  of  the  Specific  Surface  Area 
cf  the  Pores  and  Particle  Sizes 

The  determination  of  the  specific  surface  a-rea  of  the  pores 
is  based  on  the  use  of  the  equation  cf  Kozeny  and  on  the  use 
of  the  experimentally  obtained  dependences  of  gas  permeability 
on  porosity.  Besides  this  (basic)  method,  there  is  still  a 
namber  of  methods  [28]  of  the  determination  of  specific  surface 
area  (method  of  m.icrophotograohy , the  method  based  on  the  use 
cf  tne  phenomenon  of  the  adsorption  of  vapor  by  a solid  surface, 
etc.  ) . 

The  magnitude  of  the  specific  surface  area  of  the  pores 
is  an  important  characteristic  of  explosives  v;hose  knowledge 


21 


Is  necessary,  first  of  all.  In  the  examination  of  the  question 
concerning  the  transition  of  combustion  Into  detonation.  There 
Is  special  Interest  In  the  dependence  of  the  specific  surface 
area  on  porosity.  Utilizing  the  equation  of  Kozeny  (3)  and 
experimental  data  on  the  measurement  of  gas  permeability  (see 
f’ig.  13),  we  conducted  the  calculation  of  the  specific  surface 
area  In  specimens  of  PETN  with  different  values  of  porosity 
and  Initial  particle  sizes  of  5 and  500  ym  (Table  1).^ 


Table  1.  Specific  surface  area  and  average 
particle  size  In  the  specimens  of  PETN  v;lth 
different  porosity. 
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explosives  Is  characterized  by  the  presence  of  a maximum  with 
m'vO . 3 . 


Figure  1^.  Specific  surface 
area  of  the  specimens  of  PETN 
of  different  porosity  (r2;^5  ym)  . 


Table  1 also  gives  results  of  the  calculation  S(m)  for 
specimens  pressed  from  large  crystals  (Initial  particle  sizes 
r=500  y).  From  a comparison  of  the  findings  it  follov;s  that 
for  specimens  of  the  coarse-crystalline  PETN  the  specific  surface 
area  of  the  pores  monotonlcally  and  substantially  (30  times) 
grows  In  proportion  to  a decrease  in  the  porosity  and  in  the 
whole  Investigated  Interval  remains  less  than  that  for  a finely 
crystalline  PETN.  An  Increase  In  the  specific  surface  area  is 
connected  with  the  intense  fragmentation  of  the  large  crystals, 
the  decree  of  grinding  of  v;hich  Increases  v;lth  a decrease  In  m, 
but  which,  hov;ever,  does  not  reach  the  level  characteristic 
for  the  preliminarily  thoroughly  ground  substance.  In  accordance 
with  this  there  is  no  maximum  on  the  curve  S(m.). 

In  the  case  of  finely  crystalline  PETN  when  the  initial 
particles  are  already  very  small,  the  fragmentation  and,  therefore 
an  increase  in  the  specific  surface  area  Is  exoressed  more  weakly. 
A further  increase  in  the  compacting  pressure  (density  of 
explosives)  does  not  lead  to  a decrease  in  the  particle  size 
but  changes  the  structure  of  the  pore  space,  and  in  particular, 
tr:'  re  appear  closed  cells,  and  the  consolidation  of  the  particles 
occurs  due  to  an  improvement  in  the  contact  between  them,  as 
a result  of  which  the  specific  surface  area  decreases  and  a 
maximum  on  the  curve  5(m.)  is  observed. 


The  considerations  about  fragmentation  presented  above 
are  fortified  by  an  estimate  of  the  average  particle  size  in 
specimen,  which  Is  possible,  since  the  specific  surface  area 
of  the  pores  Is  known. 

The  connection  between  the  average  particle  size  and  specific 
surface  area  can  be  obtained  from  simple  geometric  considerations 
and  also  by  combining  the  expression  of  (2),  (3)  and 

r-  , « (12) 

•^yaf'iaax 

Relation  (12)  Is  widely  utilized  for  determining  the  average 
particle  size,  In  particular,  the  polydlsperse  fractions  of 
explosives  (based  on  this  principle  Is  the  laboratory  Instrument 
PSKh). 

The  values  of  the  average  particle  size,  determined  according 
to  formula  (12),  are  represented  In  the  last  line  of  Table  1. 


Table  2.  Range  of  measurements  of  the  dimen- 
sion of  particles  and  dimension  of  cores  by 
different  methods. 


Me  t hr  d 

Range  of 

dimension  f 
particles,  ym 

measurements 

! dimension  of 
1 pores,  ym 

1 

Optical  mic nccrpe 

o.cr.  -2~io 

i 

1 0,25—350 

Electron  microscope 

(i.intCi— a 

0.0.VI5-5 

J.creen  analysis 

■lO  and  more 

1 

Liquid  sedimentation 

0,5-3:v 

Gas  sedimentatic n 

j — 

Scattering  of  X-r-ays 

0,005 -O.o.', 

1 o,005 — 0,05 

y.''thcd  of  mere  ry  - h'^llum 

— 

1 0,i>05— l'i,0 

It  is  necessary  to  note  that  the  Intense  fragmentation 
of  the  large  crystals  Is  observed  already  at  comparatively  low 


compacting  pressures  which  do  not  exceed  200  atm.  Thus,  the 
effect  of  fragmentation  virtually  always  occurs,  and  one  must 
not  fall  to  consider  It,  working  with  the  pressed  charges  of  the 
explosives . * 

The  dimension  and  shape  of  the  particles  are  retained 
unchanged  If  utilized  are  charges  of  bulk  density,  which  In  th® 
process  of  the  experiment  do  not  undergo  the  effect  of  mechanical 
loads.  Besides  the  method  described  above  of  the  measurement 
of  the  average  particle  size  in  magnitude  of  specific  surface 
area,  for  determining  the  Initial  particle  size  of  the  mono* 
disperse  fractions  of  explosives  the  screen  and  microscope 
analysis  Is  also  used.  Equlgranular  fractions^  are  obtained  In 
essence  by  scattering  with  the  aid  of  sieves. 


The  screen  particle  size  Is  defined  as  arithmetic  mean 
between  dimensions  of  the  cells  of  the  sieves.  Simply  the 
boundary  values  of  the  dimension  of  cells  of  the  sieves  are  more 
frequently  indicated. 

A microscope  analysis  results  In  the  size  determination  of 
a large  number  of  particles  (not  less  than  one  hundred)  from 


^Upon  transition  of  the  combustion  Into  detonation,  the  explosive 
is  subjected  to  the  effect  of  compression  waves,  which  can  lead 
to  the  supplementary  fragmentation  of  the  substance,  if  such 
a possibility  exists,  l.e.,  I'jhen  the  maximum  degree  of  grinding 
Is  not  reached.  The  question  concerning  the  fragmentation  of 
crystals  of  the  explosive  under  the  dynamic  (Imoact)  conditions 
of  loading  was  specially  Investigated  In  work  [33]-  The  charges 
of  the  explosive  of  bulk  density  with  the  Initial  particle 
sizes  'v^l  mm  were  subjected  to  compression  of  a shock  wave 
1500-2000  atm  In  amplitude.  The  specimens  were  retained,  where- 
upon the  partlcle-slze  distribution  was  determined.  It  was 
established  that  the  finite  dimension  of  the  oartlcles,  which 
corresponds  to  the  maximum  of  distribution.  Is  10-20  ym. 
^Fractions  of  the  100-1^0  and  320-^^00  ym  type  can  be  considered 
equlgranular. 
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two  mutually  perpendicular  directions  and  In  the  averaging  of 
the  obtained  results.  For  the  fraction  which  consists  of  cartlcles 
of  the  extended  form,  the  average  microscope  dimension,  as  a 
rule.  Is  more  than  the  average  screen  dimension. 

For  determining  the  granulometric  composition  of  the  powders, 
there  are  also  applied  sedimentation  methods,  which  are  based 
on  tne  dependence  of  the  rate  of  deposition  (sedimentation)  of 
uniform  particles  In  the  viscous  medium  on  their  dimensions. 

Usually  used  Is  the  settling  of  solid  particles  under  the  action 
of  gravitational  or  centrifugal  forces. 

Table  2 gives  a summary  of  basic  methods  of  thie  direct 
;r,eas urement  of  the  dlr.enslon  of  the  particles  and  also  the 
dimension  of  the  pores,  and  limits  of  the  ant  11 cabl 1 1 ty  of  the 
method  are  shown  (cited  data  are  taker,  from  work  [3^]). 

The  indirect  method,  based  on  the  measurement  cf  gas 
permeability,  makes  it  oosslble  to  calculate,  using  (2),  the 
dimension  of  the  pores  In  the  range  cf  uc  to  0.1-1  pm  derendlr.g 
on  the  resolution,  of  the  apparatus  used. 


CHAPTER  II 


STABLE  COMBUSTION  OF  POROUS  EXPLOSIVES 

Under  certain  conditions  the  combustion  of  porous  explosives 
is  stable  and  uniform  and  is  realized  by  parallel  layers  (in 
Iryers).  In  this  case  the  magnitude  of  the  mass  rate  of  combustion 
is  close  to  the  same  for  continuous  nonporous  specimens. 

The  study  on  laws  governing  the  slow  laminar  combustion  of 
the  porous  systems  is  of  considerable  theoretical  interest  and 
gives  additional  material  about  the  m.echanism  of  the  combustion  of 
explosives.  Actually,  the  density  change  leads  to  a change  in 
conditions  of  heat  propagation  in  the  condensed  phase,  since  the 
thermal  conductivity  and  gas  permeability  of  the  explosives  depend 
on  density.  There  is  a change  also  in  the  concentration  of  the 
substance  in  the  solid  phase,  which  has  considerable  importance 
for  sy"  ' ems  the  leading  reaction  v;ith  the  combustion  of  which  is 
found  in  the  condensed  phase. 

The  study  of  the  stable  combustion  of  porous  systems 
contributes  also  to  a fuller  understanding  of  the  processes  which 
determine  the  emergence  of  the  filtration  instability. 

In  the  existing  theories  of  normal  combustion  of  the  condensed 
;:ystems,  it  is  accepted  that  the  heat  transfer  from  the  zone  of 
reaction  tc  the  nonreacting  substance  is  realized  by  thermal 
conductivity  and  radiation,  but  convection  heat  transfer 
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(penetration  of  gaseous  products  of  combustion  or  fusion)  is 
absent.  In  connection  with  the  continuous  systems,  this  position 
causes  no  doubts,  and  their  combustion  is  normal.  As  regard  to 
the  porous  systems,  as  it  will  be  shown  below,  in  a number  of  cases 
the  penetration  of  products  of  combuslton  into  the  pores  knowingly 
occurs,  altiiough  the  combustion  is  stable  and  uniform.  It  is 
natural  that  this  combustion  cannot  be  classed  as  being  normal. 

Unlike  that  of  the  solid  system,  the  combustion  of  porous 
systems  is  characterized  by  a number  cf  specific  features.  One 
snould,  first  of  all,  consider  the  nonuniform  nature  of  combustion 
causes  by  the  geometric  ncnhomogenelty  of  the  porous  systems.  The 
presence  l.n  the  charge  of  pores  leads  to  bending  of  the  burning  sur 
face,  ana  as  a result  there  is  a change  in  the  conditions  of 
the  mass-  and  heat  exchange  in  the  zone  of  the  chemical  reaction 
and  the  structure  of  the  products  flowing  froni  the  surface  of  the 
ccpibUot  ion . Therefore,  a great  effect  on  tr.e  combusticr,  is 
exerted  by  the  physical  state  of  the  burning  surface,  '..he  features 
of  combustion  are  caused  also  by  the  dispersed  nature  of  the 
porous  medium,  which  includes  solid  explosives  and  the  gas  filling 
the  pores  . 


The  experimental  study  on  the  laws  governing  the  smooth 
combustion  of  explosives  with  open  gas-permeable  porosity  requires 
th:e  observance  of  systematic  precautions . The  reliable  data  can 
be  obtained  if  combustion  is  realized  at  a constant  external 
pressure.  This  condition  is  strictly  satisfied  if  combustion  is 
conaucted  at  an  atmosphere.  V.'ith  combustion  in  tb.e  bo.mb  cf 
"constant  pressure"  even  with  a significant  magnitude  of  free  space 
(bombs,  BD-I50,  DDIGOO)  the  pressure  increases,  wliicli  contributes 
to  the  penetration  of  the  products  of  combustion  into  the  pores. 
Furthermore,  if  ..fecial  .measures  are  not  taken,  the  pores  of  the 
explosives  prior  to  th,e  beginninp;  cf  the  co.mbusticn  are  filled 
v;ith  ga.'5  ( riicrcgen)  , which  1.',  used  for  the  creation  of  pressure  in 
tfi^  bomb.  Gas  in  the  pores  performs  the  role  of  a peculiar  inert 
addition  in  explosives  whose  mass  grows  with  an  increase  in  the 
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pressure.  Both  these  factors  can  distort  the  obtained  results, 
and  an  objective  account  of  their  effect  on  combustion  represents 
considerable  difficulties.  Let  us  examine,  therefore,  basically 
data  obtained  at  constant  - atmospheric  pressure. 

§ 6.  Density  Effect  of  Explosives  on  the 
Possibility  of  Combustion 

Andreyev  showed  for  the  first  time  [35]  that  for  the  fusing 
explosives  (tetryl,  cyclonite)  there  is  a maximum  density  lower 
than  which  the  combustion  extinguishes.  At  higher  densities  a 
uniform  stable  combustion  Is  observed.  Near  the  limit  of  extinc- 
tion the  combustion  becomes  nonuniform  fluctuating.  It  v/as 
established  that  the  density  value  on  the  lov/er  limit  decreases 
with  an  increase  in  the  diameter  of  the  charge  and  grinding  of  the 
particles  of  the  explosives. 

The  density  change  differently  affects  the  possibility  of  the 
combustion  of  the  nitrocellulose,  the  nitroglycerin  powder  for 
which  there  is  an  upper  density  limit.  The  end  of  the  combustion 
with  a constant  diameter  of  the  charge  is  observed  with  increased 
density,  while  the  combustion  of  the  charges  of  less  density  is 
stable . 


The  extinction  with  combustion  of  porous  charges  can  be 
explained  if  we  utilize  the  general  concepts  about  the  critical 
diameter  of  combustion,  the  concept  about  v/hich  v;as  introduced  by 
Andreyev  [36]-  The  critical  diameter  characterizes  the  ability 
of  explosives  to  burn  and  is  defined  as  the  minimum  diameter  of 
the  charge  at  which  the  combustion  of  explosives  is  still  possible. 
The  impossibility  of  combustion  •^^^ith  a diameter  less  than  the 
critical  is  caused  by  the  noncompensating  heat  dissipation  from 
the  thoroughly  heated  layer  and  combustion  zone  into  the  ambient 
medium.  Therefore,  all  '•’hose  factors  (increase  in  external 
pros:-)Urc , initial  ten.pcrature ) which  decrease  the  relative  heat 
losses  and  produce  an  increase  in  the  rate  of  combustion  lead  to  a 


reduction  in  the  value  of  the  critical  diameter.  Of  considerable 
importance  also  Is  the  shell  of  the  charge  - the  thermal  conductiv- 
ity of  Its  material  and  the  thickness  of  the  walls. 

Let  us  examine  how  the  critical  diameter  depending  on  the 
density  is  changed.  In  works  [37,  38]  it  was  noted  that  an  increase 
In  the  density  of  the  fusing  explosives  (tetryl)  raises  the  capa- 
bility for  combustion  decreases),  and  In  the  case  of  nitro- 
cellulose the  opposite  picture  is  observed. 

Thus,  unlike  the  effect  of  pressure  and  initial  temperature, 
the  role  of  density  on  the  value  of  the  critical  diameter  of 
combustion  proves  to  be  different  depending  on  the  nature  of  the 
explosives.  This  shows  one  of  the  specific  features  of  the 
combustion  of  porous  systems.  This  fact  is  of  interest  and 
deserves  attention.  At  the  same  time  the  results  available  in 
literature  [37,  38]  on  this  question  are  extremely  scarce.  Since 
the  obtaining  of  charges  with  different  porosity  is  conjugate  with 
definite  systematic  difficulties,  earlier  experiments  were 
conducted  with  the  specimens  either  of  the  maximum  density 
(prepared  nitroglycerine  and  pyroxylin  powder)  or  of  bulk 
density  or  density  close  to  it. 

In  order  to  trace  the  nature  of  the  change  in  (•')  in  a wide 
density  range,  we  conducted  additional  experiments  [39].  For  a 
rough  estimate  of  the  method  of  cones  was  applied.  A refine- 
ment of  the  obtained  values  was  conducted  by  the  combustion  of 
cylindrical  charges.  In  order  to  decrease  the  lateral  heat  losses 
and  exclude  as  far  as  possible  the  heating  of  the  substance  as  a 
result  of  the  propagation  of  thermal  wave  along  a shell,  the  latter 
was  prepared  from  materials  with  a low  value  of  the  coefficient  of 
thermal  conductivity  (plexiglass,  asbestos  cloth).  Used  was  a 
mold  of  rectan-ular  cross  section,  which  made  it  possible 
comparatively  easily  to  obtain,  after  the  appropriate  treatment, 
the  extended  (30-50  mm)  cylindrical  and  conical  charges  of  high 
density.  Then  the  charges  were  glued  into  the  shell.  The 
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system  of  ignition  provided  the  uniform  combustion  of  the 
investigated  specimen  over  an  entire  surface  of  cross  section. 

The  obtained  results  are  represented  on  Fig.  15.  Thus,  the 
existence  of  the  lower  (for  fusible  explosives)  and  upper  (for 
"infusible"  explosives M limits  of  the  extinction  of  combustion 
directly  follows  from  the  different  nature  of  the  dependence  of 
the  critical  diameter  on  density.  It  will  be  shown  below  that  in 
accordance  with  dependence  (/u,,  (5)  for  the  examined  explosives  the 
nature  of  the  change  with  the  density  of  the  rate  of  combustion 
proves  to  be  also  substantially  different. 


Figure  15.  Dependence  of  the 
critical  diameter  of  combustion 
on  relative  density  (p=l  atm) : 

1 - cyclonite,  r=100-200  y;  2 - 
tetryl,  r=100-200  y;  3 - 10^  poly- 
styrene + 90S  AP,  r-15  y; 

4 - pyroxylin  Ho.  1. 


We  will  turn  to  the  explanation  of  the  causes  which  define 
the  type  of  dependence  </;,p  (tVi.  For  this  purpose  let  us  examine  how 
there  is  a change  in  heat  losses  in  the  process  of  the  combustion 
of  the  \rges  with  different  density  and,  first  of  all,  heat  loss 
from  the  zone  of  reaction  to  the  substance. 

In  the  case  of  fusing  explosives  tiie  coi-rect  v;ay  is  outlined 
by  Andreyev  [33],  who  joined  the  increase  in  at  low  densities 
witi;  an  increase  in  heat  losses  to  the  condensed  phase  as  a result 
of  the  penetration  of  the  fusion  i.i  the  pores.  In  actuality, 
hov'evcr,  the  situation  is.  somewhat  different,  and  the  role  of 


' " T nfus. ib le " explosives  are  understood  as  substances  the  burning 
surface  of  which  is  gas  permeable.  As  foilov/s  from  the  experiment 
(see  3 3),  thils  condition  is  sati.sfied  by  pyroxylin  [nitrocellulose], 
j, j u:;:  p'^rch.lorate  and  a mixture  on  its  base. 
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fusion  is  not  limited  only  to  this.  The  optical  observations  of 
the  burning  surface  of  cyclonite  showed  that  in  charges  with  the 
low  density  close  to  bulk,  the  film  of  fusion  in  the  process  of 
combustion  is  continuously  moved  over  the  surface,  which  is 
accompanied  by  oscillations  of  the  flame.  The  motion  of  the  fusion 
is  caused  by  the  nonuniform  increase  in  it  by  following  gaseous 
products  as  a result  of  the  nonuniformity  of  the  burning  surface 
and  by  foaming,  which  occurs  as  a result  of  expansion  with  the 
heating  of  the  gas  bubbles. 

The  drops  of  fusion  moving  along  the  surface  and  the  separate 
formations,  which  contain  the  fused  solid  particles,  under  the 
action  of  forces  of  surface  tension  are  enlarged,  and  the  phenomenon 
of  agglomeration  occurs . The  motion  and  agglomeration  of  the  drops 
of  fusion  lead  to  an  increase  in  the  neat  losses,  to  the  constant 
destruction  of  the  thoroughly  heated  layer  of  explosives  preoared 
for  combustion.  Very  interesting  is  the  fo’^m  of  sux'face  of  the 
combustion  of  cyclonite  after  attenuation  which  c'^curs  when  limiting 
conditions  (with  d=(/'.;,)  are  reached.  The  end  of  burning  can  bo 
easily  obtained  if  v;e  utilize,  for  example,  conical  charges. 

It  turned  out  that  the  fusion  with  inclusions  of  the  fused  solid 
particles  converges,  as  a rul_,  on  the  periphery,  and  the 
remaining  part  of  the  surface  is  devoid  of  the  fusion.  It  causes 
no  doubts  that  a sharp  reduction  in  the  burning  surface  as  a result 
of  the  agglomeration  of  the  separate  drops  of  fusion  was  the  reason 
for  end  of  the  burning. 


With  an  increase  in  the  density,  the  motion  of  the  fusion  and 
the  oscillations  of  the  flame  cease,  and  the  molten  layer  becc.mes 
solid.  The  heat  losses  originated  by  the  movement  of  the  molten 
film  logically  disappear,  and,  as  a consequence  of  this,  there  is 
an  increase  in  the  capability  for  combustion,  and  the  critical 
diameter  decreases  (Fig.  15).  In  this  connection  it  should  be 
r.oted  that  according  to  [^0]  for  the  fusing  secondary  explosives 


city,  unlike  liquid  explosives,  the  rate  of  combustion 


with  a decrease  in  the  diameter  is  maintained  constant  up  to 


attenuation.  The  nonconformity  with  theory  [^H],  whiich  predicts 
a decrease  in  the  rate  of  combustion  in  proportion  to  approach 
to  the  limit,  the  authors  [^0]  correctly  explain  by  heat  losses 
due  to  the  motion  of  fusion  along  the  surface. 

For  the  "nonfusible"  explosives  v;ith  "dry"  burning  surface, 

the  basic  reason  for  incidence  d..-,  with  a decrease  in  tne  density  is 
the  United  penetration  of  the  gaseous  products  in  the  pores. 

While  not  being  in  a state  to  ignite  the  explosive,  the  penetrating 
gases  preheat  it  and  produce  a change  in  the  tt.orcughly  heated 
layer.  The  additional  heat  supply  in  the  explosive  fro:t  tne  gaseous 
phase,  which  ri.ses  with  a decrease  in  tbie  de.isity,  compensates  for 
the  lateral  heat  losses  and  makes  possible  stable  combustion  in 
tile  charges  cf  a small  diameter.  Tiie  effect  cf  t.he  limited 
penetration  of  products  into  the  pores  is  observed,  as  this  ’will 
be  clear  from  the  followir.,.  presentation  (§  3),  not  only  at  lev; 
(bulk)  densities,  'which  was  assum.ed  by  .Andreyev  [33]  in  exar,  ling 
the  reasons  for  the  emergence  of  the  fluctuating  and  nonuniferm 
ccr.bustion , but  also  with  the  combustion  of  very  compact  charges. 

In  thie  explanation  of  increase  v;ith  density,  it  is 
necessary  to  consider  also  [38]  that  with  an  increase  in  the 
density  the  thermal  conductivity  of  the  explosive,  and,  therefore, 
the  heat  withdrawal  in  the  condensed  phase  increase. 


§ 7.  Laws  Governing  the  Laminar  Combustion  cf 
Porous  Systems 


For  the  co.ndensed  systems  the  most  v;iaespread  were  the 
approximate  thermal  theory  of  Zel ' dovich-Belyayov  combustion,  a 
brief  presentation  to  v/hich  we  ’v/ili  be  restricted.  In  tr.is  theory 
it  '.3  accepted  that  the  reaction  rate  exponentially  increases  v;ith 
the  temperature,  and  the  cenbustion  occurs  in  one  narrow  zone  in 
the  gaseous  phase.  The  basic  heat  release  is  concentrated  in  the 
narrow  temperature  range  with  a width  of  order  of  near  the 

maximum  temperature  of  combustion  T'ne  lieat  transfer  from  the 
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zone  of  reaction  to  the  nonreacting  substance  is  realized  by  means 
of  thermal  conductivity. 

Initially  the  theory  was  developed  by  Zel'dovich  and  Frank- 
Kamenetskiy  in  connection  with  the  combustion  of  the  gases  [^1,  ^2]. 
After  the  I'undamental  investigations  of  Belyayev,  v/ho  showed  that 
the  combustion  of  volatile  secondary  explosives  occurs  in  the 
gaseous  phase  similarly  to  the  combustion  of  homogeneous  gas 
systems,  the  theory  was  widespread  without  any  supplements  for  the 
co!nbu5tlon  of  volatile  explosives.  The  fullest  and  most  successful 
corr.parlson  of  theory  with  the  experiment  v;as  conducted  precisely 
in  an  example  of  volatile  explosives  [5]. 

Aoccrainc  to  this  theory,  expression  for  the  mass  rate  of 
comouc'tion  takes  the  form 


Uj,  r l/n 


, “'I 


(13) 


where  A ■*  s the  coefficient  of  the  therm.al  cc  nduc  tl  vi  ty  of  the 
substanc''  v;hlch  flows  into  the  reaction  zone  ; E - activation 
energy;  g - heat  of  reaction;  - the  rate  of  heat  liberation 

per  unit  volume  of  the  zone  of  reaction  at  the  com;bustion 
temperature  Z',-- 

In  theory  it  is  accepted  that  ~ t'xi’ ( — Zh/ffr)-  For  the 

reaction  of  the  n-th  order  ‘Ih.inx  ~ t'"  (C  is  the  ccncentration  of  the 
reactant).  Then  for  gas-phase  reaction  we  obtain  the  following 
appreximat ion : 

I/.,  ~ /O'  i-i  Xp  ( --  /i',  l/.'7'r). 


s 


hrinclpaluy  tne 
r-'^action  is  realized 


theci’y  is  applied  also  to  tlje  case  wnen  the 
in  one  narrow  zone  of  the  condeiised  phase. 


The  study  d'  the  laws  and  mechanism  of  the  stationary 
combustion  of  nonporou?  explosives  and  powders  is  the  subject  cf 
rran.v  works.  The  basic  results  are  quite  fully  presented  in 
monographs  [33,  The  contemporary,  concepts  about  the  mechanism 

of  combustion  and  the  basic  development  trends  cf  the  ccmbustlon 
Ll'jeory  arc  contained  also  in  review  works  r^5-^?]. 

Let  us  examine  the  basic  laws  governing;  the  combustion  of 
porous  charges. 


From  the  theory  it  follows  that: 


.)  tne  Independence  of  the  mass  rate  of  ccmbustlon 


density 


for  t;':e  case  of  volatile  explosives  nuisi).  when  t.he  leading 

reaction  occurs  in  the  gaseous  phase 


■)  ait  increase  in  the  .mass  rate 


: embus t ion  with  a.n  increase 


in  den.iity  if  the  reaction  is  realized  in  the  narrow  zone  of  the 
condensed  phase.  In  this  case  ~ If  one  a3CuniC-.s  that  the 

density  of  the  substance  6 does  not  change  in  the  wave  of  .beating, 
then  from  (13)  we  have 

i/u  ~ I a6 


In  accor-dance  with  the  data  available  in  the  literature,  it 
is  possible  to  consider  approximately  that  the  thern^al  conductivity 
cf  the  exDloslves  1 ^ 6’.  Then 


Inc  presence  -v.1'  iieat  losses  with  combustion  causes  (case  a) 
or  amplifies  (case  b)  the  inclde.nce  in  the  rate  cf  combustion  in 
proportion  to  a decrease  in  density. 


'An  analcp;ou.s  form  of  tl-.e  ’ =,.ondenoe  (i^.,  =“=  tor*si)  must  be  cbser'ved  fo 
tiic  fusing  secondary  explosives,  vnhen  the  m.olten  explosive 
prell.T.lnarily  burns. 


The  account  presented  above  Is  correct  In  the  absence  of 
convection  heat  transfer  froir  the  combustion  zone  into  the  non- 
reacting substance  when  there  does  not  occur  the  penetration  of 
products  of  combustion  into  pores.  We  will  turn  to  the  available 
experimental  results. 

In  the  experiment,  as  a rule,  the  linear  burning  rate  is 
determined.  Implied  by  the  linear  burning  rate  u is  the  apparent 
rate  of  movement  of  the  entire  combustion  zone. 

The  combustion  of  the  porous  systems  is  usually  characterized 
by  the  mass  flow  rate  which  is  obtained  by  the  multiplication 
of  the  linear  rate  by  the  density  of  the  explosives: 

The  mass  flow  rate  is  equal  to  the  mass  of  the  substance,  v/hich 
burns  per  unit  time  per  unit  area  of  the  cross  section  of  the 
charge . 

Let  us  designate  by  ? the  ratio  of  the  mass  rate 
of  combustion  at  the  given  density  6 to  mass  flow  rate  at  the 
highest  density  5'  which  is  utilized  in  the  exper-*'nent . Value  6’ 
is  usually  lower  than  the  maximum  density  since  by  the  method 

of  pressing  it  is  difficult  to  obtain  continuous  specimens. 
Furthermore,  at  high  density  the  combustion  of  a number  of 
substances  ceases,  which  is  connected  with  the  achievement  of  the 
upper  limit  on  density. 


In  ci^-r.posite  Table  3 data  known  to 
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One  s:iOuld  note  first  of  all  that  strict  constancy  of  the  mass 
rate  of  combustion  in  the  v/ide  interval  of  the  variation  in 
density  is  not  obsei’ved  virtually  for  any  of  the  investigated 
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Figure  16.  Dependence  of  value  ^ 
on  relative  density  (p-1  atm):  1 - cyclonlte; 
2 - 25%  A1  + 75%  Fe^O^;  3 - poly vlnylnltrate : 

^ - mercury  fulminate;  5-2%  CUpO+98%  AP; 

6 - pyroxylin  No.  1;  7 - 10%  polystyrene  + 

90%  AP. 


In  the  form  of  dependence  Um(*)  the  conditionally  investigated 
substances  can  be  divided  into  two  groups. 

1.  For  substances  of  the  first  group  an  Increase  in  the  mass 
rate  of  combustion  with  an  increase  of  density  (5<‘;  is  character- 
istic. It  Includes  the  secondary  explosives  (cyclonlte,  tetryl), 
nitroglycerin  powder  (finely  ground),  polivinylnitrate , and  thermite 
compositions.  The  distinctive  feature  of  the  substances  of  this 
group  is  the  ability  to  be  melted  or  liquified  in  the  process  of 
combustion . 


Another  feature  of  the  majority  of  the  substances  of  this 
group  entails  the  fact  that  of  vital  importance  with  their 
combustion  is  the  heat  release  in  the  condensed  phase.  The 
course  of  total-exothermic  reaction  in  the  k-phase  and  the  existence 
of  the  liquid-viscous  layer,  which  is  made  foamy  by  bubbles  of 
gaseous  decomposition  products  with  the  combustion  of  nitro- 
ri.vcerin  oowders,  v;as  established  by  Pokhil  [50,  55].  The  rate  of 
combustion  of  the  thermite  composition  of  25%  A1  + 75% 

the  gas-free  composition  of  70%  (25%  A1  + 75%  Fe^C^)  + 

+ 30%  AlpO,  is  determined  by  chemical  reactions  in  the  fusion  [51, 
53].  According  to  data  [52],  the  leading  reaction  in  the  combustion 
:;d’  r.ol.w  inylnitrate  also  occurs  in  the  liquid-nhase  - in  the  foam 


Consoouently , the  increase  in  the  mass  rate  of  combustion 
■;b.-env''‘d  in  the  experiment  v/ith  an  increase  in  density  corrosnonds 
to  the  predictions  of  the  tiieory.  However,  the  dependence  u (6) 
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proves  to  be  weaker  than  this  which  follows  from  theory  (1^), 
on  the  assumption  that  the  leading  stage  of  combustion  is  found  in 
the  condensed  phase. 

The  reduction  of  with  a decrease  in  density  for  a 

volatile  explosive  - cyclonite,  the  leading  reaction  in  the 
combustion  of  which  is  found  in  the  gaseous  phase,  is  connected 
usually  [^4]  with  a decrease  in  the  heat  release  per  unit  volume 
and  the  corresponding  increase  in  the  role  of  heat  losses.  It  is 
assumed  that  this  effect  has  common  nature  for  volatile  explosives. 

As  a whole,  the  derivations  which  follow  from  the  dependence 
'' M (''')  for  substances  of  the  first  group  agree  with  the  existing 
concepts  about  the  mechanism  of  their  combustion  and  can  be 
explained  within  the  framework  of  one  theory  of  combustion. 

2.  The  mass  rate  of  combustion  of  substances  of  tlie  second 
group  decreases  with  an  increase  in  the  density.  This  group 
includes  the  "infusible"  with  the  com.bustion  of  the  substance; 
pyroxylin,  mercury  fulminate,  ammonium  percnlorate  (catalyzed) 
and  a mixture  of  AP  with  a combustible  addition. 

It  was  noted  above  that  the  critical  diameter  of  combustion 
for  these  substances  (unlike  the  first  group)  is  decreased  in 
proportion  to  a decrease  in  the  density.  Thus,  a definite 
parallelism  is  observed  between  the  nature  of  the  change  with  the 
density  of  the  mass  flow  rate  and  the  critical  diameter  of 
combustion  for  the  defined  representatives  of  these  two  groups  of 
substances.  The  laws  governing  the  combustion  of  substances  of 
the  second  group  are  of  considerable  interest  not  only  because 
they  are  not  placed  in  the  existing  representations,  but,  ^irst 
of  all,  because  precisely  with  the  combustion  of  the  "Infusible" 
systcniG  one  should  expect  the  manifestation  of  specific  features 
c!  araoteristic  for  porous  systems.  At  the  same  time  in  literature 
Vci',v  limited  information  on  this  question.  Therefore, 
v;e  undertook  a more  detailed  study  on  the  stable  uniform  combustion 


of  porous  "Infusible"  systems. 


§ 8.  Combustion  of  "Infusible"  Substances  [39] 

Selected  as  the  "Infusible"  substances  were  pyroxylin,  a 
mixture  of  ammonium  perchlorate  with  a combustible  addition 
(polystyrene),  ammonium  perchlorate,  catalyzed  2%  CU2O  (particle 
sizes  of  the  components  j.'i  ym). 

In  literature  direct  indications  about  the  possibility  of  the 
melting  of  pyroxylin  are  absent.  As  regards  ammonium  perchlorate, 
until  recently  it  was  considered  that  ammonium  perchlorate 
sublimates  with  combustion.  However,  in  recent  works  devoted  to 
the  study  of  the  mechanism  of  the  combustion  of  AP , it  was 
reported  that  ammonium  perchlorate  is  melted  with  combustion. 
According  to  [5^],  the  melting  point  of  AL  is  high  .ti.- S.'O  K)^ 
and  the  formed  layer  of  fusion  is  very  small  and  not  continuous. 

The  selected  substances  belong  to  the  "infusible"  category,  since  the 
experiments  carried  out  by  us  showed  that  the  burning  surface  of 
the  porous  charges  of  these  substances  is  gas-permeable,  and 
therefore  the  continuous  molten  layer  is  absent. 


In  experiment  the  following  characteristics  were  determined: 
the  dependence  of  the  mass  rate  of  combustion  on  density  "m  (''>), 
the  distribution  of  temperature  in  the  condensed  and  gaseous  phases 
'i' and  also  the  pressure  change  in  the  pores  of  the  burning 
charro  An (0-  Thermocouples  of  tungsten-rhenium  and  copper- 
constantan  30  ym  in  thickness  were  used.  The  recording  of  pressure 
in  the  pores  was  taken  near  the  enclosed  bottom,  end  of  the  charge 
by  a sensitive  liquid  manometer  (water,  m.ercury)  of  the  open  type. 
All  the  experiments  are  carried  out  at  atmospheric  pressure. 


Let  us  examine  the  obtained  results.  Experim.ent 
the  dependence  of  the  mass  rate  of  combustion  of  the 
substances  on  density  are  represented  in  Table  3 and, 
As  v/as  already  mentioned,  a characteristic  feature  of 
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Figure  17.  Dependence  of  the  mass  rate 
of  combustion  on  relative  density  (p=l  atm): 
\ ~ 2%  CUpO+98^  AP;  2 - 10%  of  polystyrene  + 
+ 90^  APp3  - pyroxylin  No.  1. 


lies  in  the  fact  that  with  a decrease  in  the  density,  beginning 
with  a certain  defined  value,  there  occurs  an  increase  in  the 
mass  rate  of  combustion.  For  the  catalyzed  AP  on  curve  the 

maximum  of  rate  is  observed.  One  should  emphasize  that  in  this 
density  range  the  combustion  is  uniform  and  stable,  and  the  values 
of  the  rates  are  reproduced  well.  An  increase  in  the  mass  rate  of 
combustion  with  a decrease  in  the  density  Indicates  the  presence 
of  convection  heat  transfer  from  the  combustion  zone  into  the  non- 
reacting substance  and  the  limited  penetration  of  products  of 
combustion  into  the  existing  pores.  In  connection  with  the 
combustion  of  mercury  fulminate,  for  \.he  first  time  Belyayev 
focved  attention  on  this  possibility  [5,  ^9].  The  findings 
testify  to  the  fact  that  the  penetration  of  products  into  the  pores 
with  stable  burning  is  characteristic  not  only  for  the  quick-burning 
rriercury  fulminate,  but  is  a common  property  of  the  ''infusible" 
explosives,  including  substances  which  burn  at  low  (about  mm/s) 
rates.  The  penetration  of  the  products  is  observed  under 
conditions  of  combustion  at  strictly  constant  low  (atmospheric) 
pressure  and,  vjhich  is  especially  important,  with  the  combustion 
of  very  dense  systems.  For  perchlorate  compositions  and 
pyroxylin,  an  increase  » is  started  with  6 = 0. 7-0. 8,  and  for 
mercury  fulminate  - with  6=0.9. 

before  stating  the  subsequent  results  which  give  the  dir-ect 
confirmation  of  the  validity  of  the  penetration  of  products  of 
combustion  into  the  pores,  let  us  indicate  the  fact  v;hich 
iv.  indirect  to  the  confirmation.  If  we  decrease  the  density  of 
the  substance,  then  with  6<0.65  for  mercury  fulminate  [5]  and 


(S<0.12  for  pyroxylin  [56]  there  occurs  the  destabilization  of  the 
combustion,  which  is  characterized  by  a sharp  (by  an  order  of 
magnitude  and  more)  increase  in  the  rate  of  combustion.  The 
combustion  becomes  nonuniform  fluctuating.  In  the  case  of 
mixtures  on  the  basis  of  AP  the  combustion  at  atmospheric  pressure 
up  to  the  minimum  (bulk)  density  is  stable.  However,  the 
destabilization  of  the  combustion  of  a mixture  of  10%  PS  + 90%  AP 
appears,  if  we  somewhat  modify  the  experimental  conditions;  for 
example,  conduct  combustion  in  the  long  gas-bleeding  tube  when  as 
a result  of  the  gas  friction  against  the  walls  of  the  tube  on  the 
burning  surface  a small  (~10  atm)  pressure  differential  appears. 
At  present  it  is  convincingly  shown  that  the  destabilization  of 
combustion  occurs  as  a result  of  the  filtration  of  gaseous  oroducts 
into  tne  pores  (see  Chapter  rv>. 


Let  us  turn  to  results  of  the  thermocouple  measurements  made 
v;ith  the  stoichiometric  mixture  of  ammonium  perchlorate  and 

O 

polystyrene  (p  = 0.65  g/cm"^).  First  of  all,  it  v;as  noted  the 
noticeable  deviation  in  the  temperature  profile  in  the  condensed 
phase  from  the  Michelson:  the  thickness  of  the  thoroughly  heated 

layer  is  Increased  3-^  times. 


Also  measured  were  the  temperature  of  the  surface  T,.  [on  the 
bend  of  the  temperature  curve  T(x)]  and  the  gradient  of  tempera- 
ture in  the  gaseous  phase  near  the  surface  {dTlcU)r=-r^,  which  made 
it  possible  to  evaluate  the  quantity  of  heat  q liberated  with 
com.bustlon  in  the  condensed  phase. 

Disregarding  radiation  as  a result  of  smallness,  from  the 
equation  of  heat  balance  we  have 


q = c^[T^~T,) 


“m  V^^jT=Ta 


(15) 


vlnore  is  the  heat  capacity  of  the  k phase;  A - coef'^icient  of 
the  thermal  conductivity  of  products  in  the  gaseous  phase;  - 
inl‘'ial  temperature. 


h2 


4 

By  substituting  In  (1?)  values  of  c =0.35  cal/g*deg,  X=1.6»10 

cal/cm*s*deg  and  the  experimentally  meaured  values,  7jj=600°C, 
h 

(f/7’Wj-)  = 3.1*10  deg/cm,  we  obtain  g=175  cal/g. 


It  is  necessary  to  keep  in  mind  that  the  heat  in  the  k phase 
is  composed  of  two  components:  together  with  the  introduction  of 
heat  by  the  penetrating  products  heat  release  as  a result  of 
chemical  reactions  occurs  [^8],  A strict  separation  of  the 
indicated  components  is  very  difficult,  since  they  act  simultane- 
ously. Therefore,  a rough  estimation  is  feasible.  According  to 
the  measurements  carried  out,  the  thermal  effect  of  tccal- 
exothermlc  reactions  in  the  condensed  phase  v;ith  combustion  of  the 
monolithic  specimens,  when  ther<^  is  ao  convection,  is  approximately 
100  cal/g.  This  value  is  maximum,  since  with  a decrease  in  the 
density  of  the  reactant  in  accordance  with  (1^4)  the  heat  release 
because  of  reactions  in  the  k phase  must  be  decreased.  However, 
even  if  we  accept  this  knowingly  hi.gh  value,  v;e  v;ill  find  that  by 
the  products  penetrating  into  the  pores  not  less  than  75  cal/g  is 
introduced. 


Interesting  data  were  obtained  in  experiments  on  the  pressure 
measurement  in  pores  of  the  burning  charge  i>„  {•')  (diagram  of  the 
experiment  and  results  were  shown  on  Fig.  l8)^.  It  was  established 
that  with  the  combustion  of  pyroxylin  and  mixtures  v/ith  ammonium 
perchlorate  as  the  base  with  the  combustible  addition  in  the  pores 
the  rarefaction  of  relatively  external  atm.ospheric  pressure 
~ Pu  — p,>  < 0.  is  recorded.  In  this  case  at  the  m.oment  after 
ignition,  the  rarefaction  increases,  v/hereupon  the  saturation 
(hp  A/'ii}  begins  . Despite  the  fact  that  the  combustion  is  continued, 
thie  pressure  in  the  pores  does  not  change. 


^In  this  series  the  experiments  v/ere  conducted  with  charges  of 
large  diameter  (d=l6  and  30  mm),  which  made  it  possibl--'  to  avoid 
the  distorting  effect  of  the  additional  free  space  which 
unavoidably  appeared  with  the  connection  of  the  manometer. 


Figure  18.  Diagram  of  experiment  (a)  and  results  (b)  of  pressure 
measurement  in  pores  of  charge  Apj-j(t)  with  the  combustion  of  the 

specimens  of  a mixture  of  10%  PS  + 90%  AP  with  different  density 
(p=l  atm):  a:  1 - charge;  2 - plexiglass  shell;  3 - manometer; 

b:  1 - 6=0.35;  2 - 0.5;  3 - 0.61;  - 0.8;  5 - 0.9. 

Key:  (a)  millimeters  H2O;  (b)  s. 


For  purposes  of  the  detailed  investigation  of  this  phenomenon, 
the  density  effect  of  the  specimens  and  composition  of  the  mixture 
of  AP  + polystyrene  was  studied. 


It  was  found  (see  Fig.  18)  that  with  an  increase  in  the 
density  (a  decrease  in  size  of  the  pores  d\,  ) the  value  of  rare- 
faction A/',;  is  increased,  reaches  i maximum  value  and  then 
sharply  decreases. 


Thuc  , for  Instance,  for  a mixture  of  10%  PS  + 90%  AP  the  deep- 
est rarefaction  A/>u  = 0 . 1 atm  is  observed  at  sufficiently  high  density 
6=0.8.  It  is  interesting  that  at  approximately  this  density  there 
begins  an  increase  in  the  mass  rate  of  combustion  with  a decrease 
in  the  densitv  (see  Fig.  17).  In  the  Interval  6 <0.8  the  value 

I 

of  rarefaction  is  inversely  proportional  to  the  mean  hydraulic 
diameter  of  the  pore:  A//,,  ~ i/f/',  where  value  ■•j  was  determined  from 
form;ula  (2). 


In  charges 
a virtually  not 
of  che  pores 
great  1 v . 


with  high  density  (6=0.9-0.95)  the  rarefaction 
recorded.  Thus,  there  is  the  optimum  dim.enslon 
the  observed  effect  is  exhibited  especially 


at  v;hich 


It  was  established  that  the  magnitude  of  rarefaction  depends 
not  only  on  the  dimension  of  the  pores,  but  also  on  the  composition 
of  the  mixture.  The  pattern  close  in  nature  to  that  described 
above  was  observed  with  the  combustion  of  pyroxylin. 

The  emergence  of  rarefaction  in  the  pores  of  the  burning 
charge,  at  first  glance,  contradicted  the  fact  of  the  penetration 
of  the  products  of  combustion  into  the  pores  of  the  charge.  For 
the  purpose  of  an  explanation  of  the  physical  nature  of  the 
observe!  effect,  several  possible  hypotheses  were  examined. 

Let  us  note  only  two  of  them.  Proving  to  be  outwardly 
attractive  v/as  the  stream  hypothesis,  according  to  v/hich  the 
suction  of  air  which  is  contained  in  the  pores  was  caused  by  the 
ejector  action  of  the  ebbing  streams  of  the  products  formed  with 
the  combustion  of  single  particles.  However,  according  to  this 
point  of  view,  the  value  of  rarefaction  must  not  exceed  10  atm, 
which  is  several  orders  lower  than  the  value  observed  in  the 
experiment . 

The  second  hypothesis,  which,  in  our  opinion,  cori-esponds  to 
actuality,  entails  the  following.  Flowing  into  the  charge  at  a 
pressure  close  to  j'u>  the  hot  products  of  combustion  fill  the  pores 
and,  in  transferring  the  heat  to  the  surrounding  substance,  are 
cooled,  v/hich  regularly  must  be  accompanied  by  a pressure  drop  in 
the  semiclosed  pore  space.  The  condensation  of  the  products  also 
contributes  to  a decrease  in  the  pressure  in  the  pores.  This 
hypothesis  v/as  confirmed  by  the  direct  experiments  the  essence  of 
v/hich  consisted  in  the  fact  that  injected  into  the  porous  specimen 
of  inert  substance  (MgO''  with  a dead-end  bottom  v/as  hot  nitrog"-n 
v/ith.  different  temperature  or  products  of  combustion.  In  these 
experime/its  a rarefactlcn  whose  value  increased  with  an  increase 
in  the  temperature  of  the  blown  gas  was  observed.  In  accordance 
v;ith  th.is  hypothesis,  it  v;as.  to  be  expected  that  the  pressure  drop 
in  the  pores  will  be  greater,  the  higher  the  degree  of  cooling  of 
the  gas  and  concentration  of  products  capable  of  condensation. 


Specifically,  from  these  positions  the  effect  of  the  dimension  of 
the  pores  and  composition  of  the  mixture  observed  in  the 
experiment  finds  Its  explanation. 

Thus,  the  entire  totality  of  the  presented  data  Indicates  the 
fact  that  with  the  combustion  of  the  porous  "infusible”  substances 
there  virtually  always  occurs  the  penetration  of  the  products  of 
combustion  Into  pores,  and  the  combustion  of  such  systems  is  not 
normal*.  It  is  necessary  to  emphasize  that  stable  laminar 
combustion  was  examined  when  the  penetration  products  did  not  cause 
the  ignition  of  the  internal  surface  of  the  pores. 

Data  presented  in  § 6-8  correspond  to  the  combustion  at 
strictly  constant  atmospheric  pressure.  The  combustion  of  porous 
explosives  at  pressures  exceeding  atmospheric  was  investigated 
[37,  38,  82].  Combustion  was  conducted  in  the  bomb  of  "constant 
pressure."  Unfortunately,  the  findings  were  not  analyzed  from  the 
viewpoint  of  the  possible  effect  of  the  penetrating  products,  which 
is  contributed  by  a pressure  increase  in  the  bomb  with  the 
combustion  of  the  charge*. 

The  effect  of  the  nitrogen  filling  the  pores  of  the  charge 
was  also  not  examined.  Therefore,  the  interpretation  of  the 
available  data  is  difficult. 

§9.  On  the  Dynamic  Pressure  Increase  on  the 
Burning  Surface 

The  pressure  on  the  surface  of  combustion  of  the  condensed 
substances  p’  can  exceed  the  pressure  in  the  surrounding  volume 


^Besides  the  thermal  effect,  the  penetrating  products  they  can 
exert  a catalytic  action. 

*The  penetration  of  gaseous  products  into  pores  of  the  charge 
does  not  occur  if  formed  on  burning  surface  is  a continuous 
molten  layer,  which  occurs,  for  example,  v;ith  combustion  of  the 
secondary  ( fusible)„ explosives  with  low  porosity. 


Pq  If  the  heat  release  In  full  or  in  part  occurs  In  the 
gaseous  phase.  The  pressure  increase  appearing  on  the  burning 
surface  is  usually  called  dyanmic  ?'  — Po* 

As  is  known,  unlike  detonation,  combustion  occurs  with  a 
lowering  in  the  pressure  and  the  expansion  of  reaction  products. 
Combustion  at  a constant  rate  corresponds  to  the  lower  branch  of 
the  Hugoniot  adiabatic  curve.  The  rate  of  those  products  of 
combustion  flowing  from  the  surface  increases  in  accordance  with 
the  nature  of  the  heat  release  with  respect  to  the  height  of  the 
flame  jet.  Thus,  between  the  sections  which  consist  of  the 
combustion  zone  there  is  a pressure  differential  Apai  whereupon  the 
pressure  is  maximum  on  the  burning  surface. 

Historically  the  quistlon  of  the  determination  of  Apa  was 
given  considerable  attention  [4-8,  38],  v;hich  v;as  conditioned  by 
the  following  facts. 

Previously  it  was  proposed  [4-8,  33]  that  the  dynamic  pressure 
increase  is  the  basic  reason  for  the  destabilization  of  combustion. 
Although,  as  further  investigations  showed,  this  reason  is  not 
basic  and  universal  (tiie  real  reasons  are  considerably  more  wide- 
spread and  varied,  see  § 12),  under  certain  conditions,  for 
example,  with  combustion  under  constant  external  pressure  one  must 
not  fail  to  consider  Furthermore,  the  fact  of  the  existence 

of  Ap,.,  was  attracted  for  the  explanation  of  the  dependence  of  the 
r?te  of  the  quick-burning  explosives  on  pressure  [58]. 

Let  us  determine  the  pressure  differential  appearing  on  the 
burnj.ng  surface  by  utilizing  the  lav/s  of  the  conservation  of  mass 
and  momentum.  For  simplicity  let  us  examine  the  case  of  the 
one-dimensional  combustion  of  compact  (nonpoi’ous)  explosives.  We 
will  characterize  the  state  of  the  gas  directly  near  the  surface 
by  pressure  p',  density  p',  rate  i*',  temperature  T’  {v  - the 
rate  of  the  gas  separating  from  the  surface,  in  the  general  case 
//  0;  T’  is  temperature  of  surface).  The  gas  in  this  section 
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contains  products  of  gasification  (vaporization)  of  the  condensed 
phase.  Let  us  designate  the  appropriate  parameters  for  end 
products  after  the  combustion  zone  by  Pi.  f»i,  r„and  We  assume  that 
with  combustion  the  condensed  particles  are  absent. 

Pressure  p^^  in  the  end  products  of  reaction  Is  determined  by 
the  boundary  condition  at  Infinity,  and  for  /.ubsonlc  flow  it  is 
equal  to  pressure  Pq  in  the  surrounding  volume  (p^=Pq).  A 
pressure  differential,  thus,  can  arise  only  because  of  compression 
near  the  surface  of  products  of  gasification. 


Let  us  write  the  equation  of  mass  and  momentum  conservation 
in  the  form 

pu  pV  *=  pgy,. 

P'  T pttv'  ==  Pj  pM”., 

v;hence 

Ap«  = p'-Pi«(pu)*(-~--^).  (16) 


If  which  is  correct  for  the  overwhelming  majority  of  tne 

explosives,  then  from  (16)  we  will  obta'n 


(yiivn  (Ti  T'\ 

Pi  \Mi  ) ’ 


(16») 


where  in'  and  are  molecular  weights  in  the  appropriate  .'iections 
of  the  t-as  flow. 

From  ( l6 ’ ) it  follows  that  a noticeable  pressure  increase  on 
the  burning  surface  can  be  realized  for  the  quick-burning  explosives 
and  v/ith  a considerable  change  in  the  value  i)  — {T:. 


If  the  products  of  gasification  and  combustion  contain  the 
condensed  particles,  the  weight  fraction  of  which  consists, 
respectively,  of  e'  and  e^,  and  their  rate  is  equal  to  the  gas  rate, 
then  the  pressure  differential,  according  to  calculation  [57],  is 

\ 


^8 


S; 


determined  by  the  expression 


Ap  - /».A«  n («  - ei>  TJM,  ~ (1  - z')  T'iM‘ 
^ r*  — (1  — ei)  U>«)7?i 


(17) 


If  with  a decrease  in  the  external  pressure  rate  of  combustioa 
decreases  more  weakly  than  linearly,  then  the  rate  of  the  outflow 
of  products  Vi  = increases.  However,  it  cannot  exceed  the 
speed  of  sound  c =*  yHTilAIi.  This  means  that  the  pressure  in  the 


products  cannot  be  lower  than  a certain  minimum  value: 

Pmtu  ==  (*  — *=i) pu  (1 8 ) 


In  such  a manner,  is  soon  as  the  speed  of  sound  is  reached, 
the  pressure  in  the  products  K.i»  - = p,  > p,  is  maintained  constant 
independently  of  a further  decrease  in  the  external  pressure'. 

In  this  case  the  surface  pressure  of  the  charge  is  pmtii  *f  Apj,  v;here 
A/.'.;  is  determined  from  expression  (17).  This  fact  limits  the 
value  of  the  minimum  pressure  at  which  the  explosive  burns  [5]  and 
is  essential,  first  of  all,  with  combustion  in  a vacuum. 

For  determining  A/>a  in  principle  an  account  of  the  multistage 
nature  of  the  process  of  combustion  is  not  required.  It  suffices 
to  be  restricted  to  an  examination  of  the  transition  from  the 
Initial  state  of  the  products  of  combustio:  (of  surface)  to  the 

final  state.  In  this  case  special  importa.  e is  acquired  by  the 
correct  determination  of  the  temperature  and  composition  of 
products  of  combustion  in  the  indica'  :d  sections. 


'According  to  the  estimation  carried  out  in  -work  [57]  for  mercury 
fulminate,  the  value  Hg  (not  allowing  for  the  effect 

of  solid  particles  on  the  speed  of  sound).  A considerably  higher 
value  T>  . atm  is  obtained  for  the  m.ost  quick-burning  explosive  - 

1. 1 X r i 

lead  styphnate. 
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Examined  was  the  one-dlmenslonal  combustion,  which  is 
realized  if  the  charge  of  the  explosive  is  placed  into  a casing. 

I In  the  absence  of  a casing  the  lateral  expansion  of  the  flowing 
products  occurs,  and  the  flow  becomes  nonuniform.  In  this  case 
the  pressure  Increase  is  lower  than  that  with  one-dimensional 
combustion.  In  the  simplest  case  when  burning  surface  is  plane, 
and  the  zone  of  heat  release  forms  a cone  with  an  apex  angle 
the  pressure  differential  can  be  determined  from  expression  (17), 
where  Instead  of  (<>«)■  it  is  necessary  to  substitute  yin  ?-j®. 

In  general  the  problem  of  the  determination  of  the  pressure 
differential  in  an  oblique  wave  front  with  energy  release  is 
examined  in  [86]. 

Let  us  turn  to  the  presentation  of  results  of  the  experimental 
measurement  of  excess  pressure  on  the  burning  surface.  Investigated 
were  mainly  the  Initiating  and  quick-burning  explosives,  since  for 
secondary  explosives  and  powders  A/»a  is  so  small  that  it  virtually 
cannot  be  recorded.  It  follows  from  the  very  beginning  to  note 
that  the  available  experimental  data  are  very  scarce  and  obtained, 
as  a rule,  by  the  method  basad  on  the  measurement  of  the  reaction 
F,  which  the  burning  charge  exerts  on  the  elastic  support.  It 
was  assumed  that  the  pressure  differential,  determined  from 
expression  Ap  — F/5  (S  - cross-sectional  area  of  the  charge)  is  a 
dynamic  pressure  increase.  By  the  indicated  method  Belyayev 
conducted  the  determination  of  Ap,  for  some  quick-burning 
explosives  at  atmospheric  pressure  [5]. 

The  experiments  were  conducted  with  specimens  mm  in  diameter, 
the  lateral  surface  of  wh.^ch  was  armored  with  collodion. 

Attention  is  drawn  to  the  fact  that  the  measured  values  of  Apa 
are  very  lovj  (Table  4) . 
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Table  Mass  rate  of  combustion  ««  and  value  of  dynamic  pressure 
Increase  for  some  Initiating  and  quick-burning  explosives 
(p=l  atm). 


2 

Substance 

«■.  S/en  »S 

an  Hg 

Literature 

Trlnltroazldobenzene  C,(KO  ),(K 

6 2 3 3 3 

Trlcyeloacetone  peroxide 
Potassium  plcrate  Ctff2(NOi1aOK 


Mercury  fulminate  Hg(OKC)^ 

Lead  styphnate  C*H(NOjJiOiPb-H^ 


1.1 

i 

1 

1.15 

1 

4 

t 

• m 

i m 

2.74 

\ Csl 

1-3 

; 5 

: 

(In  a easing) 

5.9 

f 

( 10-15-^ 

[39l 

100 

; 85-90^ 

Dsj 

i 


^shell  Is  less  than  40  mm  long.  I 

In  a oasl.ig  of  more  than  40  mm  long.  I 
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The  greatest  interest  is  in  data  obtained  for  the  mercury 
fulminate,  the  mechanism  of  the  combustion  of  which  Is  investigated 
sufficiently  thoroughly  [5,  ^93*  It  was  established  that  the  com- 
bustion of  mercury  fulminate  occurs  in  two  stages . The  rate  of 
combustion  is  determined  by  the  low-temperature  (800-1000°K) 
stage  which  adjoins  che  burning  surface.  The  glov;  in  this  zone 
is  virtually  absent.  At  this  stage  not  more  than  20-35%  of  the 
parent  substance  is  decomposed,  remaining  part  is  dispersed  and 
burns  up  to  the  end  products  in  the  second  high-temperature 
(glov;ing)  zone,  which  is  located  at  a considerable  distance  from 
the  surface.  The  dark  zone  and  the  largest  dispersed  particles  in 
the  form  of  separate  glov/lng  tracks  are  visible  in  the  photograph 
of  Fig.  19  [93].  With  a decrease  in  the  pressure  the  width  of 
the  dark  zone  increases  and  at  ^0-50  mm  Hg  the  bright  glowing 
flame  disappears.  The  dependence  of  rate  of  combustion  on 
pressure  (with  p<l  atm)  is  approximated  by  the  linear  function  of 
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the  form  n ~ a + Dp.  An  analysis  of  the 
gaseous  combustion  products  for  a low- 
temperature  stage  gives  the  average  value 
of  the.  molecular  weight  of  products  Af  ^ 120. 
For  the  high-temperature  stage  the  tentative 
thermodynamic  calculation  (not  allowing  for 
dissociation),  according  to  the  usually 
recommended  equation  of  reaction  II"(n.N'C)j  — 

= Hy 2CO -f  X- , gives  K.  .1/,  is:70.  and 

50. 

At  pressure  p^  less  than  atmospheric , 
for  mercury  fulminate  is  experimentally  the  dependence  Apa  on  the 
external  pressure  p^  (Fig.  20),  which  takes  a unique  form  is 
determ.ined  [5].  This  nature  of  the  curve  (with  a minimum)  follows 
from  expression  (16)  with  the  substitution  in  it  of  the  dependence 
u(p)  in  the  form  of  u-A  r Dp. 


Figure  19.  Photo- 
graph of  the 
combustion  of 
mercury  fulminate 
(p»l  atm) . 


Figure  20.  Dependence  of  dynamic 
pressure  increase  on  the  burning 
surface  of  mercury  fulminate  on  the 
value  of  the  external  pressure  p„. 


Hov'.-ever,  the  computed  values  of  A//, 
experimentally  measured  (calculation  was  conducted  taking  into 
account  only  the  low-temperature  stage,  which  is  correct  for 
combustion  in  a vacuum) . 

An  interesting  result  was  obtained  [39]  with  combustion  at 
atmospheric  pressure  of  specimens  of  mercury  fulminate  pressed  up 
t'O  high  density  (6  = 0.97)  into  thin-walled  tubes  of  different 
length  A,.,  (Fig.  21).  The  height  of  the  specimen  is  maintained 


aa  He 


lie  noticeably  below 
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Figure  21.  Dependence  of  dynamic  pressure  ij*;, 
on  the  length  of«tHe  gas-bleeding  tube  for 
mercury  fulminate  (p*l  atm) . 


constant  (5  ir.;u).  Used  as  a measurer  of  reaction  force  was  a highly 
sensitive  piezoelectric  gauge.  As  follows  from  Fig.  21,  with 
the  length  of  the  tube  mm  essential  Increase  in  A;-.,  from  the 

value  of  10-15  mm  Hg  (which  coincides  with  data  [5]  up  to  85-90  mm 
Hp  Is  observed* . 


It  is  logical  to  assume  that  the  obtained  result  is  conditioned 
by  the  stepwise  nature  of  the  process  of  combustion  so  that  with 
nm  in  the  tube  there  is  placed  the  high-temperature  stage, 
in  which  the  afterburning  of  the  dispersed  particles  occurs,  and 
the  basic  heat  of  reaction  is  separated,  in  this  case  the  excess 
sur’face  pressure  is  determined  by  the  total  effect  of  both  stages 
(entire  combustion  zone)  with  the  predominant  effect  of  the  last 
stare^ . Confirmation  of  this  point  of  view  is  the  satisfactory 
accord  of  the  experimental  (=90  mm  Hg)  and  theoretical  (=130  mm  Hg) 
values  of  esy  _-cially  if  one  considers  that  with  the  calculation 
v;as  utilized  the  high  value  Ji/.U,  ~ f>0.  which  corresponds  to  the 
products  of  full  combustion. 


Let  us  note  one  characteristic  feature  inherent  in  the  quick- 
burring  explosives  [5]-  At  the  Initial  moment  of  the  combustion 


* This  fact  cannot  be  explained  by  the  f’ictlonal  effect  of  the 
products  against  walls  of  the  tube. 

the  short  (^.-.  <40  mm)  tube  the  appearing  differential  is 
determined  by  the  low-temperature  stage  of  combustion. 
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of  mercury  fulminate  on  notation  A/;,,  (^)  a considerable  Jump  of  pres- 
sure Is  observed,  and  on  an  optical  oscillogram  the  increased 
rate  In  combustion  on  section  in  several  (up  to  2-^)  millimeters 
is  recorded,  whereupon  the  combustion  is  spread  at  constant 
velocity*. 

This  feature  is  exhibited  both  v;lth  the  ignition  by  a spiral 
and  through  a layer  of  slowly  burning  substance.  The  noted  effect, 
which  can  be  explained  within  the  framework  of  the  nonstationary 
theory  of  combustion  [^3],  is  connected  with  the  creation  in  the 
quick-burning  explosives  with  ignition  of  a sufficiently  thick 
thoroughly  heated  layer  and  with  its  accelerated  burnout.  Quick- 
burning  explosives  are  thus  a good  model  for  the  study  of  the 
nonstationary  processes  of  combustion. 

In  conclusion  it  should  be  noted  that  the  results  presenter 
here  referred  to  the  combustion  of  very  dense  explosives. 


*An  Increase  in  the  rate  of  combustion  in  the  initial  stage  was 
noted  also  for  other  quick-burning  substances  (styphnate  and  lead 
picrate  [33]). 


CHAPTER  III 


DISTURBANCE  OF  THE  STABLE  COMBUSTION 
OF  THE  GAS-PERMEABLE  POROUS  SYSTEMS 

The  stable  stationary  combustion  of  explosives  under  certain 
conditions  is  disturbed,  which  is  expressed  in  a considerable 
(dozens  and  hundreds  of  times)  increase  in  the  mass  rate  of 
combustion.  Examined  in  this  chapter  is  the  complex  of  questions 
connected  with  the  explanation  of  the  mechanism  of  acceleration 
and  the  establishment  of  laws  and  critical  conditions  of  the 
destabilization  of  combustion  - the  initial  stage  of  the  emergence 
of  explosion. 

§ 10.  Basic  Positions  of  the 
Stability  Theory 

The  stability  of  the  stationary  steady-state  condition  of 
combustion  of  the  condensed  systems  was  theoretically  investi- 
gated by  Belyayev  and  Andreyev  [4,  5,  8].  The  theory  is  based 
on  the  examination  of  the  equilibrium  between  the  gas  inflow 
and  the  gas  vent  with  combustion.  It  was  shown  that  the  de- 
stabilisation  of  combustion  is  the  consequence  of  simple  laws  of 
gas  dynamics. 

Actually,  the  dynamic  pressure  increase,  which  appears  with 
ignition  on  the  charge's  surface  (§  9),  must  lead  to  a certain 


inorease  In  rate  of  combustion,  since  with  an  increase  in  pressure 
the  rate  of  combustion,  as  a rule,  increases,  which  causes  a fur- 
ther rise  in  pressure,  etc.  The  problem,  thus,  was  reduced  to 
the  determination  of  conditions  under  which  the  equilibrium 
establishment  in  the  indicated  process  proves  to  be  1 upossltle , 
l.e.,  the  combustion  becomes  unstable,  and  a continuous  increase 
In  the  rate  of  combustion  and  surface  pressure  occurs.  It  was 
assumed  that  this  path  of  the  emergence  of  the  instability  In 
principle  was  feasible,  if  the  solid  (nonporous)  cliarge  of 
explosives  burns. 

From  conditions  of  the  equality  of  gas  inflow  and  gas  vent, 
and  under  the  assumption  of  the  linear  dependence  u.^(p)  Belyayev, 
for  the  first  time  in  an  example  of  mercury  fulmiinate,  calculated 
the  critical  rate  of  combustion,  which  corresponds  to  the  staMlit 
limit  [^J. 


The  stability  theory  obtained  its  further  development  in 
Andreyev's  work  [8].  An  examination  was  conducted  for  the  case 
of  the  end  combustion  of  a cylindrical  charge,  taking  into 
account  the  dependence  of  the  rate  of  combustion  or,  pressure  in 
the  for.m  of  U|.=A ' +Bp'^(;^l ) . Utilized  was  the  expression  for  gas 
vent,  valid  for  the  critical  (sonic)  discharge  of  products  of 
combustion',  which  is  established  when  the  pressure  at  the  surface 
exceeds  approximately  2 times  the  external  pressure.  It  was 
show.u  that'  the  combustion  is  stable  if  with  the  equality  of 
the  gas  inflow  and  gas  vent  the  gas  inflow  increases  with  pressure 
more  x'apidly  than  does  the  gas  discharge,  i.e.,  the  derivative  of 


'Eai'ller  it  was 
can  be  i-ealized 
or  for  the  very 
styphnate . 


noted  that  the  indicated  cciiditions  of  discharge 
with  the  combustion  of  explosives  in  a vacuum 
quick-burning  explosives  of  the  type  of  the  lead 
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the  mass  rate  of  combustion  in  terms  of  pressure  du ydp  does  not 
exceed  a certain  limit.  The  value  of  this  limit  is  equal  to 
the  discharge  coefficient : 


(Y+i)  (v-l) 


(T  - temperature  of  the  gases,  °K;  Y=c  /c  ; R - gas  constant). 
Value  A is  7-7.6  g/cm  'S*atm. 


It  was  found  that  for  all  the  studied  secondary  explosives 
the  value  du.ydp  is  50-200  times  lower  than  the  gas-dynamic 
limit.  For  the  initiating  explosives,  which  in  the  state 
pressed  to  the  high  relative  density  are  capable  of  stable  com- 
bustion, the  value  du  /dp  is  also  lower  than  tne  extreme  value, 
although  it  approaches  to  it.  One  should  emphasize  that  the 
initiating  and  quick-burning  explosives  (for  example,  mercury 
fulminate,  lead  styphnate),  for  which  first  of  all  destabilisation 
as  a result  of  the  high  rate  of  their  combustion  was  to  be 
expected,  are  characterized  by  a v;eakening  of  the  dependence 
u.|(p)  at  Increased  pressures  [38]. 


Thus,  one  of  the  basic  results  of  the  theoretical  examination 
carried  out  was  the  substantiation  of  the  capability  for  stable 
combustion  of  the  overwhelming  majority  the  explosives  investi- 
gated at  present.  In  this  case  it  was  assumed  that  the  surface 
of  the  gas  inflow  (combustion)  is  equal  to  the  area  of  the  gas 
vent  (end  of  the  burning  charge),  which  is  fulfilled  if  the 
solid  nonporcus  substance  burns.  At  the  sam.e  time  in  the  experi- 
ment there  was  observed  the  emergence  of  instability  not  only 
v;itn  the  combustion  of  the  initiating  but  also  secondary  (slowly 
burning)  explosives,  v/hich  naturally  required  explanation 
was  assumed  [1,  6]  that  the  basic  reason  is  an  increase  in  the 
burning  surface,  which  can  occur  by  different  m;eans . For 
de 3 1 ab  i ii sat  Lc-n 
tnari  3/ A times. 


T+- 


must  increase 
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In  the  case  of  porous  systems  the  surface  grows  as  a result 
of  the  penetration  of  combustion  Into  pores  of  the  charge.  As 
the  Investigations  carried  out  showed  [10-12,  59-70],  precisely 
this  mechanism  of  acceleration  Is  most  widely  accepted  and 
char '■  cteriotic  for  solid  explosives. 

Specifically,  obtained  by  this  method  In  recent  years  were 
the  especially  Interesting  and  virtually  Importai  t results,  to 
presentation  of  which  was  devoted  basically  this  chapter. 

Andreyev  attached  much  Importance  to  another  possible 
mechanism  of  an  Increase  in  the  burning  surface,  which  is  realized, 
if  the  combustion  of  the  explosives  occurs  with  intense  dispersion, 
the  result  of  which  is  the  formation  in  products  of  combustion  of 
the  suspended  matter  of  particles  with  the  developed  surface 
[36,  72J.  Dispex-slon  can  have  not  only  a chemical  nature  (gas- 
forming reaction  in  the  condensed  phase),  but  also  a physical 
nature  - narticles  of  the  explosives  can  be  formed  as  a result  of 
the  splitting  of  crystals  under  the  effect  of  thermal  shock,  as 
a result  of  the  liberation  of  vapors  of  highly  volatile  impurities, 
etc.  This  rr.echanism  of  an  increase  in  the  gas  inflow  is  extremely 
interesting,  especially  in  connection  with  solid  explosives. 
Unfortunately,  with  respect  to  this  question,  in  literature  there 
are  very  limited  and  partial  data  (see  § 19). 

In  the  case  of  liquid  explosives  the  basic  mechanism  of  the 
acceleration  of  combustion  is  based  on  the  theory  of  self-agitation 
advanced  by  Landau  [73]-  Accordi.ng  to  this  theory,  the  front  of 
the  combustion  is  unstable  to  infinitesimal  disturbances  when 
small  distortions  of  the  front  of  combustion  spontaneously  increase. 

Belyayev  focused  attention  also  to  the  fact  that  with  tne 
combustion  of  liquid  explosives  nonhomogeneneous  in  their 
structure  the  mechanism  of  acceleration  based  on  the  penetration 
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of  combustion  to  the  volume  on  the  existing  nonhomogeneities  (bub- 
bles) becomes  important  From  these  positions  Belyayev  ex- 

plained the  emergence  of  the  explosion  in  the  burning  methyl  niti’ate 
at  lew  pressure  when  there  began  the  boiling  of  liquid,  which  is 
^accompanied  by  the  formation  of  bubbles,  and  the  absence  of  explo- 
oicn  at  higher  pressures  when  the  boiling  was  suppressed  [2]. 

Such  are  briefly  the  basic  positions  of  the  stability 
theory  of  the  combustion  of  condensed  systems  which  with  following 
presentation  will  be  examined  in  more  detail. 

In  conclusion  it  is  necessary  to  note  that  in  the  case  of 
gas  systems  the  acceleration  of  combustion  is  also  conditioned 
by  an  increase  in  the  burning  surface.  According  to  the  funda- 
mental investigations  of  Snchelkin  [75]>  the  basic  reason  for  the 
acceleration  of  flame  is  the  agitation  of  the  unburned  gas,  which 
moves  ahead  of  the  front  of  the  flame,  which  causes  bending  and 
f ragme.ntation  of  the  front  of  co.m.bustion . Motion  of  the  non- 
reacting mixture  is  realized  as  a result  of  the  e>:par.oion  of  the 
products  of  combustion.  The  acceleration  of  combustion  is  ob- 
served when  the  Reynolds  number,  referred  to  the  flow  of  unburned 
gas,  exceeds  the  critical  value,  i.e.,  when  the  emergence  of 
d:urbulence  is  unavoidable.  With  the  ignition  of  the  gas  in  the 
tube  the  agitation  of  the  gas  begins  on  walls  of  the  tube  and  is 
spread  to  the  axis.  A convincing  confirmation  of  the  presented 
point  of  view  is  the  sharp  acceleration  of  combustion  i.n  rough 
tubes  (in  comparison  with  smoot.h),  which  increase  the  turbulence 
level  of  tne  flow.  In  accorda.nce  with  Zeldovich’s  concepts  [76], 
the  acceleration  of  the  comitustlon  of  the  gaseous  mixtures  is 
alsc  the  result  of  the  bending  (extension)  of  the  flame  front. 

In  the  center  section  of  the  tube  the  flam.e  moves  faster  than  it 
does  near  the  walls. 

With  the  ignition  of  the  gaseous  mixture  in  tubes  of  large 
diameter,  Just  as  in  the  case  of  liquids,  self-agitation  becomes 
imiportant . 


In  connection  with  solids  the  penetration  of  combustion  into 
the  pores  (volume)  of  explosives  Is  the  basic  mechanism  of  the 
destabilization  of  the  combustion  of  porous  systems'. 

The  first  experimental  stablllti  analyses  of  the  combustion 
--^f  condensed  systems  were  carried  out  by  Andreyev  [6,  7]  and 
Belyayev  [5]. 

In  works  [6,  7]  it  was  shown  that  the  emergence  of  an  explosion 
with  the  ignition  of  porous  secondary  explosives  in  a closed 
volume  (see  Fig.  6a)  occurs  if  in  the  process  of  combustion 
sufficiently  high  pressure  is  reached.  In  accordance  with  the 
data  [5]  the  combustion  of  the  initiating  explosives  (mercury 
fulminate)  at  * density  of  6<0.65  becomes  unstable  already  at 
atmospheric  pressure. 

Undoubtedly,  th.ese  few  observations,  which  had  in  essence 
a qualitative  nature,  did  not  make  it  possible  to  create  a single 
and  physically  substantiated  quantitative  picture  of  the  phenomenon 
and  ansv.-er  some  virtually  important  questions  connected  with  the 
provision  of  an  explosion-proof  nature  of  processes  of  production 
and  exploitation  of  explosives  and  powders.  Therefore,  further 
studies  of  Che  destabilization  of  the  combustion  of  porous  systems 
[10-12,  59-70]  were  conducted  according  to  the  following  basic 
■N  directions:  1)  research  on  the  mechanism  of  the  penetration  of 

combustion  into  pores  in  connection  with  the  typical  conditions 
of  combustion;  2)  determination  of  the  critical  conditions  of 
destabilization  for  different  classes  of  explosives  and  powders; 

3)  investigation  of  the  effect  on  the  combustion  stability  of 
parameters  of  the  charge  (gas  permeability,  porosity,  geometric 
dimensions),  and  also  of  the  physicochemical  and  thermochemical 


'with  the  following  presentation  the  terms  "penetration  of  combus- 
tion into  the  pores,"  "destabilization  of  the  combustion  of  gas- 
permeable  porous  systems,"  and  "emergence  of  filtration  instability" 
are  used  as  equivalent  in  their  meaning. 
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properties  of  explosives;  4)  the  establishment  of  the  quantitative 
laws  determining  the  loss  of  stability. 

In  this  section  the  basic,  mainly  exper  imiental , results  which 
concern  the  emergence  of  the  filtration  instability  in  porous 
g,as-permeable  systems  will  be  presented.  Another  important  side 
of  the  considered  question  - the  development  of  instability  - 
is  the  subject  of  special  chapters. 

§ 11.  Formulation  of  the  Problem 

The  destabilisation  of  combustion  is  a complex  nonstationar j 
phenomenon  which  includes  gas-dynamic,  tnermophys leal  and  physico- 
r.echanical  processes.  The  processes  of  the  filtration  of  products 
cf  combustion  into  the  pores  and  tiie  combustion  of  explosives  are 
defined.  In  a number  of  cases  when  the  specimen  at  the  stage  of 
stable  combustion  is  subjected  to  the  effect  of  mechanical  loads, 
it  is  necessary  to  consider  the  deformation  of  ch.e  speci::ien. 


Thus,  in  general  the  theoretical  examiination  of  the  problem 
is  reduced  to  the  Joint  solution  of  tne  equation  of  the  unsteady 
nonisothermic  filtration  of  gas  into  the  deformed  porous  medium 
and  of  the  equations  which  describe  che  heat  transfer  and  com- 
bustion explosives.  If  in  this  case  v/e  keep  in  mind  that  it  is 
necessary  to  consider  also  the  concrete  mechanlsir.  of  the  combustion 
of  explosives,  then  it  is  not  difficult  to  present  those  enormous 
difficulties  v;lth  which  we  encounter  in  theoretical  studies  of 
the  question.  It  is  no  wo.nder  that  at  present  there  is  no 
solution  of  the  problem  in  general.  The  tendency  to  the  simplified 
theoretical  examination  is  therefore  natural  (§  13»  14).  bet  us 
discuss  the  basic  simplifying  assumptions  which  are  made. 

1.  Usually  one  disregards  the  deformation  of  the  charge, 
l.e.,  assumes  that  the  initial  values  of  gas  permeability,  porosity 
and  dimension  of  tiie  pores  in  the  process  cf  stable  combustion 


are  retained  Invariable.  This  assumption  is  justified  for  the 
overwhelming  majority  of  the  crystal  explosives  of  increased 
density. 

2.  Examined  separately  are:  a)  the  filtration  of  gases  into 

the  pores  and  b)  the  problem  of  the  combustion  of  porous  explosives, 
assuming  that  the  gas-dynamic  pattern  of  flow  is  known. 

3.  With  a description  of  conditions  of  the  ignition  of  walls 
of  the  pore  [70]  the  theory  of  combustion  of  Zeldovlch  [^3]j  de- 
veloped in  connection  with  volatile  explosives,  which  does  not 
consider  exothermal  reaction  in  the  condensed  phase,  is  put  to 
use . 

Let  us  define  concretely  the  concept  "destabilization  of 
combustion . " 


The  necessary  condition  of  the  disturbance  of  the  stable 
laminar  combustion  of  gas-permeable  systems  is  the  lead  by  gas 
L.x’oducts  of  the  front  of  the  laminar  combustion.  In  other  words, 
for  the  realization  of  gas  permeation,  it  is  necessary  that  the 
average  speed  of  the  gases  flowing  in  relative  to  the  v;all  of 
the  pore  exceed  the  linear  speed  of  the  laminar  com.bustion  of  the 
charge  u:V_>u. 


The  indicated  condition  is  necessary  and  does  not  mean  in 
any  v;ay  a loss  of  stability.  Above  in  an  example  of  the  combus- 


'infusible"  explosives  it  was  shov;n 


8)  that  although 
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^-he  cores  occurrec 


1 . e . 


the  necessary  condition  was  fulfilled,  the  com.bustion  retained 
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of  laminar  combustion,  cause  tho  combustion  of  the  porous  sub-  ^ 

stance,  which  is  spread  at  a velocity  which  exceeds  the  rate  of  the  ® 
laminar  combustion.  W 


= The  fulfillment  of  the  necessary  condition  is  connected  with 
the  examination  of  the  problem  of  the  filtration  of  gases  into 
the  pores,  while  the  fulfillment  of  the  sufficient  condition  is 
connected  with  the  solution  of  the  problem  of  the  thermal  effect 
of  gases  on  the  substance  and  the  possible  conditions  of  combustion. 
From  thi  s viewpoint  the  separate  examination  of  each  of  the 
indicated  problems  is  Justified. 

From  that  which  was  presented  above,  it  is  clear  that  it 
is  clear  that  it  is  expedient  to  speak  abc ut  destabilization  only 
in  connection  with  the  concrete  conditions  of  tiie  combustions  by 
which  the  laws  governing  the  processes  of  filtration  of  the  pro- 
ducts and  heat  transfer  are  determined, 

§ 12.  Mechanism  of  the  Penetration  of 
Gases 


Before  we  examine  the  flow  of  gas  over  the  pores,  it  is 
necessary  to  answer  the  question,  what  is  cause  - moving  force  of 
penetration,  which  forces  the  produces  of  combustion  to  flow 
into  pores? 

The  cause  of  the  penetration  of  the  products  determines  the 
mechanism  of  the  destabilization  of  combustion  as  a whole. 

The  basic  cause  is  the  forced  mechanism  of  penetration  in 
which  the  inflow  of  gas  is  caused  by  a pressure  difference.  With 
the  forced  Inflow  the  surface  pressure  of  the  burning  charge  p' 
exceeds  the  pressure  in  the  pores  p^ : Ap=p'-p^>0  or  Ap=p-P|_|>0 
(if  we  disregard  the  dynamic  Increase  in  Ap^  in  comparison  with 
the  external  pressure  p;.  Tne  differential  value  depends  on  the 
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combustion  conditions.  Let  us  designate  by  a symbol  with  index 
”0”  the  initial  value  of  pressure,  and  without  "0”  - the  in- 
stantaneous value. 

Let  us  examine  the  following  characteristic  cases  which 
correspond  to  the  standard  conditions  of  combustion: 

1.  Combustion  according  to  the  scheme  of  the  "embedded 
charge"  (see  Pig.  2)  (external  pressure  is  maintained  constant 
p=PQ=const,  the  initial  pressure  in  the  pores  P^®1  atm, 

2.  Combustion  with  the  rising  external  pressure  in  a 
manometer  bomb  (see  Pig.  3)  [p (t )?^const ; dp/dt>0;  P^=l  atm]. 

3.  Combustion  at  constant  external  pressure  (p=p^=const, 

Case  (1)  and  (2)  are  of  greatest  Interest,  since  they  corre- 
spond to  the  practical  conditions,  and  in  this  case  it  is  possible 
to  trace  the  emergence  of  the  instability  in  specimens  with  a 
different  porosity  changing  over  wide  limits  [m> ( 0 . 03-0 . 05 ) ] • 

A pressure  differential  appears  in  these  cases  naturally,  since 


The  scheme  of  the  "embedded  charge"  models  the  combustion 
of  the  porous  inclusion  in  the  powder  charge  in  the  process  of 
a rocket  thrust-chamber  firing.  The  advantage  of  the  sche*^''  is 
the  determinacy  of  the  Initial  and  boundary  conditions,  whj.  h 
was  used  in  the  theoretical  examination  of  the  gas  inflow.  The 
use  of  this  scheme  makes  it  possible  to  investigate  the  combustion 
stability  under  the  Influence  of  strictly  defined  pressure  differen- 
ferentials,  which  is  easily  reached  by  changing  the  external 


Conditions  of  the  rising  pressure  are  realized  in  practice 
with  the  accidental  igniting  of  explosives  in  industrial 
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apparatuses,  with  the  Ignition  of  various  kinds  of  disruptive 
detonators,  etc.  The  advantages  of  the  method  of  rising  pressure 
are  its  high  productivity  and  the  simplicity  of  experimental 
formulation.  The  results  obtained  by  the  given  method  and  from 
the  scheme  of  the  "embedded  charge"  prove  to  be  similar.  There- 
fore, the  method  of  the  manometer  bomb  was  widely  applied  for  the 
experimental  study  of  destabilization. 


With  combustion  under  constant  pressure  (case  3)  the  differ- 
ential is  created  in  the  process  of  the  combustion  itself  and  by 
nc  means  in  trivial  form.  Prior  the  ignition  of  the  charge  the 
pressure  of  the  gas  in  the  pores  is  equal  to  the  external  pressure 
(Pp“Pq)»  which  is  maintained  constant  with  combustion  (pQ=const)V. 
In  this  case  the  reason  for  penetration  into  the  pores  of  the 
first  portions  of  the  gas  is  actually  the  dynamic  pressure  in- 
crease Ap^  whlch"appears  on  the  charge’s  surface  at  the  moment 
of  ignition  and,  which  through  Andreyev’s  figurative  expression, 
"performs  the  role  of  a unique  trigger  mechanism." 


At  the  same  time  the  Investigations  carried  out  recently 
made  It  possible  to  expand  substantially  our  concepts  about  the 
mechanism  of  gas  permeation  under  these  conditions.  As  It  was 
noted,  the  surface  of  the  burning  porous  specimen  in  the  general 
is  not  plane.  Flowing  from  the  surface  in  this  case  is  a system 
of  streams,  the  source  of  which  consists  of  separate  burning 
grains  of  explosives.  As  a result  of  bending  of  the  burning  sur- 
face, there  are  formed  the  streams  directed  at  an  angle  to  each 
other,  and  their  "cumulative"  Interaction  becomes  possible 
[10,  61].  As  a result  of  the  collision  of  streams , new  streams, 
part  of  which  Is  directed  Into  the  pores  of  explosives,  appear 
(Fig.  22).  At  the  place  of  the  collision  of  the  streams  a local 


^The  condition  of  constancy  of  the  external  pressure  Is  strictly 
fulfilled  v;lth  combustion  at  an  atmosphere. 
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pressure  Increase,  which  does  not  exceed  in  value,  Is  observed. 
However,  an  Important  fact  Is  that  with  the  stream  interaction  the 
pores  are  penetrated  by  gas  with  a temperature  higher  than  that 
directly  near  the  surface,-  since  the  Inflow  occurs  from  the 
combustion  zone  located  at  a greater  distance  from  the  surface. 


Figure  22.  Diagram,  (a)  and  photograph 
(b)  of  the  interaction  of  streams  at 
the  inlet  at  the  right  time. 


As  it  was  shown  in  § 8 , the  hot  products  penetrating  into  pores 
are  cooled  and  the  pressure  of  the  gas  in  pores  contained  p’-’ior  to 
combustion  is  decreased  more  intensely,  the  higher  the  degree  of 
cooling  (T/Tq)  (T  - temperature  of  the  stream  which  flows  into 
the  pores).  Thus,  unlike  the  first  and  second  case,  with  the 
combustion  of  the  "infusible"  substances  under  constant  pressure 
the  pressure  differential  appears  in  essence  as  a result  of  a drop 
in  the  internal  pressure  in  the  pores.  In  this  case  its  value 
can  exceed  by  several  orders  the  dynamic  pressure  Increase  (see 
Fig.  l8).  The  generating  differential  is  self -sustained  and 
regulates  the  flow  of  gas  during  the  entire  combustion  period 
of  the  charge. 

Consequently,  in  the  third  case  the  gas  permeation  is  forced; 
hov/ever,  a pressure  differential  is  created  specifically.  A 
vital  importance  in  the  considered  mechanism  of  the  gas  pene- 
tration is  acquired  by  the  stream  interaction  and  nonisothermal 
flow  pattern.  Therefore,  it  is  expedient  to  name  this  mechanism 
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of  gas  permeation  stream  (spontaneous)  and  consider  It  as  a 
variety  of  the  total,  forced  mechanism  of  penetration. 

The  authenticity  of  the  stream  mechanism  is  confirmed  by  the 
following  experimental  results.  It  was  established  that  the 
factors  facilitating  the  emergence  of  instability  with  combustion 
under  constant  external  pressure  are:  a)  the  artificial  formation 

of  an  indentation  at  the  inlet  into  the  pore  [10]  and  an  increase 
in  the  angle  of  the  colliding  streams  [6l]j  b)  an  increase  in  the 
temperature  of  the  penetrating  gases.  Only  by  action  of  the 
stream  mechanism  is  it  possible  to  explain  the  fact  established 
in  work  [6l]  of  the  destabilization  of  combustion  under  conditions 
of  the  falling  external  pressure. 

The  spontaneous  penetration  of  combustion  will  be  examined 
in  detail  in  § l6.  Let  us  note  only  that  since  the  stream 
mechanism  is  not  in  a state  to  ensure  the  high  pressure  differen- 
tials, the  field  of  its  action  is  limited.  This  mechanism  is 
important  under  conditions  when  the  specimens  with  low  density 
burn  at  a constant  external  pressure  (Pq=  const)  and  when  p^=Pq. 

A.  FORCED  PENETRATION  OF  COM- 
BUSTION INTO  THE  FORES 

As  was  noted,  the  emergence  of  filtration  instability  is 
completely  determined  by  the  flow  pattern  of  the  products  of  com- 
bustion over  the  pores.  Let  us  examine,  therefore,  some  problems  of 
the  filtration  of  gas  in  connection  with  the  concrete  standard  con- 
ditions of  combustion,  which  will  make  it  possible  to  establish 
not  only  the  pattern  of  the  flow,  but  in  a number  of  cases  conduct 
quantitative  estimates.  The  question  concerning  the  role  of  the 
fusion,  •which  is  formed  with  the  combustion  of  the  fusing  explosives, 
will  be  discussed  in  § 15. 
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§ 13.  Filtration  of  Gas 


Let  us  examine  the  filtration  of  gas  In  connection  with  the 
conditions  of  the  scheme  of  the  "embedded  charge"  [10]. 

In  genei’al  it  Is  necessary  to  examine  the  unsteady  and 
nonlsothermal  filtration  of  gas  Into  the  porous  medium,  which  is 
extremely  difficult,  since  the  flow  is  described  by  the  nonlinear 
equation  (6). 

Let  us  make  the  following  simplifying  assumption.  We  will 
consider  that  the  filtration  is  isothermal  and  one-dimensional 
(in  the  direction  of  the  x axis).  Let  us  disregard  also  the 
initial  pressure  in  the  pores. 

A powerful  assumption  is  the  assumption  about  the  isothermal 
nature  of  the  process.  At  the  same  time  it  is  physically 
justified  for  the  two  limiting  cases  of  the  combustion:  1)  when 

the  effective  means  of  the  heat  emission  of  the  gas  L„  <<L  (L  - 
length  of  the  charge),  l.e.,  when  the  gas  is  cooled  in  the  narrow 
surface  layer,  2)  with  L >L,  X'fhcn  the  temoerature  of  the 
filtering  gas  virtually  does  not  change.  The  disregard  of  the 
initial  pressure  in  the  pores  p^  is  substantiated  for  the  most 
interesting  case  of  the  combustion  of  charges  v/ith  low  porosity, 
the  destabilisation  of  v/hich  is  observed  at  high  external  pressures 
Pq  (in  dozens-hundreds  of  atmospheres)  and,  therefore,  p^>>p^^. 

The  problem  is  stated  in  the  I'ollov/ing  way  (Fig.  23).  The  inter- 
face (x=0)  is  assigned:  gas  (x<C)  v/lth  viscosity  y at  a constant 

pressure  Dq  - the  nondeformable  porous  medium  (x<0)  with  defined 
values  of  gas  permeability  k,  porosity  m and  initial  pressure  in 


^The  disturbance  of  the  combustion  stability  of  charges  with  a low 
density  close  to  bulk  occurs,  as  a rule,  under  the  influence  of 
small  pressure  differentials  Ap<<p^.  The  flow  of  gas  in  this  case 
is  described  by  the  equation  of  thermal  conductivity  (8). 
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the  pores  Examined  is  the  unsteady  (with  t>0)  viscous 

motion  of  the  gas  In  the  nondeformable  porous  medium,  which  is 
described  by  the  equation  Of  Bousslnesq  (7). 


Figure  23.  On  the  calculation  of  the 
;V - filtration  of  gas  with  the  combustion 

\.;y’.^n:ipucmaa\-f:::-:a  ^ of  the  "embedded  charge  . " 

* Key:  (a)  gas;  (b)  Porous;  (c)  medium. 


Filtration  into  an  Unrestricted 
Porous  Medium 


Taking  Into  account  the  assumptions  made,  we  have 


Ot  ^ i»jr~  ’ 

(19) 

p(x,  0)=^0, 

(19a) 

P (0,  /)  — p^. 

(19b) 

T’"  this  setting  the  problem  of  this  type  was  solved  by  Barenblatt 
[77],  who  obtained  the  analytical  expressions  for  the  coordinate 
of  the  leading  edge  of  the  gas  X(t)  and  for  the  distribution 
of  pressure  ;>  (i. /)  = />«fp  (i),  where  is  the  parameter  of 

O Y 

self-similarity.  Function  cj)(5)  for  the  approximate  computations 
can  be  written  in  the  form  <{t(^)-l-^/C’ , where  K'  is  the  constant 
equal  under  the  given  initial  (19a)  and  boundary  (19b)  conditions 
C'=2.29.  i 

Thus,  approximately 

= (20') 


'/jj 

0 
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i.e.,  it  Is  possible  to  consider  that  the  pressure  drops  according 
to  the  rectilinear  law. 


The  depth  of  penetration  of  the  gas,  which  is  determined  by 
the  coordinate  of  leading  edge,  takes  the  form 


1 f ^ 

W //lu  ’ 


(20) 


and  the  rate  of  motion  of  the  front 


(21) 


We  will  use  (20)  in  order  to  obtain  in  clear  form  the  ex- 
pression of  the  necessary  condition  of  the  destabilization  of  the 

combustion,  which  is  fulfilled  when  during  time  of  the  burnup 

2 

of  the  thoroughly  heated  layer  t=k/u  the  gas  penetrates  at  the 
depth  which  exceeds  the  thickness  of  the  thoroughly  heated  layer 
k/u 


X(T)>X/U,  (22) 

where  k is  the  thermal  dlffusivity  of  the  explosive;  u is  the  rate 
of  laminar  combustion. 

From  (2C)  and  (22)  we  find  that  the  necessary  condition  is 
satisfied  if 


i'l 

//  UX 


> o.;t8. 


(23) 


The  substitution  into  (23)  of  the  characteristic  values  Pr,“50  atm, 
m = 3'10  "^n,  K = 10  ^ cm‘^/s,  k=-10  darcy  = 10  cm*^ , and  m®0.05 
convinces  us  of  the  fact  that  the  necessary  condition  of 
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destabilisation  is  knowingly  satisfied  for  specimens  with  very  low 
values  of  gas  permeability.  We  will  subsequently  return  to  this 
Important  derivation,  which  for  the  "Infusible"  explosives  will 
agree  with  the  experiment . 


Filtration  into  a Limited  Porous 
d>ie  d i u. 


Jr.  this  case  it  is  necessary  to  place  an  additional  coridltlon 
on  the  gas-impermeable  (with  x=L)  boundary 


■ n.  1 

■ — I =0. 

|.  - L 


(19c) 


and  rev.'rite  the  initial  condition  in  t}ie  form 


(19d) 


where  t'  is  the  time  of  the  reaching  of  the  gas-impermeable 
boundary  by  the  leading  edge  of  the  gas. 

For  the  solution  to  this  problem,  let  us  present  pressure 
p(x,  t}  in  the  form  of  the  trinomial: 


p (i,  /)  = a -I-  ( CX=, 


(2^4'  ) 


where  a,  b",  c are  the  functions  of  time  which  determined 
by  satisfying  p(x,  t)  in  the  for.m  of  (2^')  the  integral  equation 
of  the  unsteady  filtration: 

I I. 

\ / /-»•  V*  , 

*>  » 

and  also  the  initial  (19d)  and  boundary  (19b)  and  (19c)  conditions 


By  omitting  the  calculations,  let  us  write  the  final  result 
of  the  solution: 
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(2^) 


v'W.  ')  = /'o — ^ 


nt.p- 


/jijii.' 


(f  - /')J 


{ILx  - X*). 


When  t<t'  the  pressure  distribution  Is  described  (20')  according 
to  [77],  and  when  t>t'  - by  expression  (2^)  (Fig.  24). 


A change  In  pressure  on  the  gas-lmpermeablo  boundary  (x*L): 
P(Z,. /)-/), {l  _exp[_^^(/-0]|.  (25) 


Thus,  as  soon  as  the  leading  edge  of  the  gas  reaches  the  gas- 
Itnpermeab le  boundary,  the  pressure  on  it  rises  in  acco.  ance 
with  (25),  the  pressure  gradient  Is  3p/3x,  and  therefore  the  rate 
of  the  Inflow  of  gas  In  the  specimen  is  decreased.  From  (25)  it 
is  evident  that  the  more  the  gas  permeability  k and  the  less 
the  length  of  the  specimen,  the  faster  the  pressure  in  the  pores 
of  the  specimen  up  to  the  external  pressure  is  equalized. 


Figure  24.  Pressure  distribution  with 
time  and  along  the  length  with  the  inflow 
of  gas  into  the  porous  charge  with  a blind 
bottom . 

Key:  (a)  increase  in  t. 


The  time  tp  ^ during  which  the  relative  pressure  in  the  en- 
closed end  Pq/(Pq-p)  rises  "e"  times  will  be  called  the  character- 
istic equalizing  (relaxation)  time.  From  (25)  we  have 


t 


p.  II  ^ — t 


mil 

;u/). 


(26) 


Thus,  the  presence  of  the  enclosed  end  stabilizes  the  flow  and 
can  raise  the  combustion  stability  if  the  pressure  balance  occurs 
earlier  than  the  combustion  in  the  pores. 
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For  the  checking  of  tlie  validity  of  the  calculation  carried 
-out,  we  have  run  the  special  tests  In  which  determined  was  the 
time  of  the  I'eaching  by  the  leading  edge  of  the  gas  of  the  en- 
closed end  of  the  charge  with  its  stable  combustion.  Charges  from 
a.  mixture  of  1Q%  polystyrene  +90%  AL,  the  burning  surface  of  which 
is  gas  permeable,  were  ignited  in  a special  bomb  by  an  igniter, 
which  created  a pressure  of  Pq'^P^,  f'oh  a short  time  (5  ms),  and 
-this  pressure  in  the  process  of  combustion  was  maintained  constant. 
,_Used  were  two  piezoelectric  pickups,  one  of  which  recorded  the 
pressure  in  the  volume  of  the  bom.b , and  the  other  - in  pores  of 
the  burning  charge  in  the  enclosed  end.  The  time  t'  was  deter- 
mined according  to  the  beginning  of  operation  of  the  sensors. 
Represented  below  are  values  t'  in  s,  obtained  at  a pressure  of 

p„  =25  atm  for  specimens  with  a porosity  of  m=0.15  and  gas 

^ -3 

permeability  of  k=10  darcy. 

Length  of  Calculation  by  Experiment 

charge,  cm  equation  (20) 

1 0.07  0.05 

2 0.26  0.26 

The  observed  satisfactory  accord  t'  and  t'  , indicates 

paCH  3KCD 

the  legitimacy  of  the  assumptions  made  during  the  calculation. 

The  account  presented  above  corresponded  to  conditions  when 
the  external  pressure  p^,  which  is  suddenly  being  raised  above 
the  porous  charge,  was  not  changed  in  the  course  of  time. 

Filtration  under  conditions  of  combustion  under  the  rising 
pressure.  In  the  setting  analogous  to  the  problem  of  filtration 
into  the  unlimited  mediuPi,  but  with  boundary  conditions  of  the 
type  of  p(0,  t)=p^t  , (a>l),  t.his  problem  is  solved  in  [77].  Let 
us  examine  the  simpler  case  when  filtration  is  realized  into 
a bounded  medium,  and  the  pressure  in  the  pores  manages  to  be 
adjusted  slightly  for  a change  in  external  pressure.  The  last 
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requirement  is  fulfilled  if  the  characteristic  time  of  the  pressure 
balance  in  pores  t^^p  is  substantially  less  than  the  relaxation 
time  of  the  external  pressure: 

when  0.  where 

In  this  case  it  is  possible  to  consider  the  filtration  to  be 
quasl-stat lonary  and  utilize  [6l]  for  the  calculation  of  the  rate 
of  the  gas  flowing  in  the  expression 

(27) 

where  Is  the  temperature  of  the  filtering  gas;  - the  initial 
temperature  of  the  porous  substance;  dp/dt  - the  speed  of  the 
change  in  external  pressure.  Formula  (27)  Is  obtained  from  the 

equation  of  the  conservation  of  mass  and  is  valid  with  dp/dt< 

-■  2 .2 

Kp  /muAj  • 

Let  us  estimate  the  limits  of  fulfillment  of  the  last  in- 
equality. Assuming  that  k=10~^  darcy,  m -■  0,io(d„  y 

p = 50  atm,  and  L=5  cm,  we  obtain  the  miaxlmum  rate  of  the  change  in 
external  pressure  dp/dt<50  atm/s.  Thus,  the  assamptlon  about  the 
quasl-stationary  nature  of  filtration  is  fulfilled  in  the 
sufficiently  wide  interval  of  the  variation  in  parameters.  The 
quasl-stationary  approach  is  substantiated  with  the  inflow  of 
gas  l.nto  the  not  too  narrow  and  blind  pores. 

After  the  examination  of  conditions  of  the  Inflow  of  gas 
into  the  pores,  let  us  turn  to  the  question  concerning  the  after- 
effects of  the  penetration  of  the  products. 


V - ~'llL  Is. 

^ ~ p ul  /„  ’ 


§ 1^.  Conditions  of  the  Ignition 
of  Walls  of  the  Pore 

At  present  it  is  experimentally  established  that  the  most 
typical  I’esult  of  the  thermal  effect  of  the  hot  gases  in  flowing 
__d.s  the  ignition  of  the  surface  of  the  pore  [10,  12].  Theoretical 
studies  of  conditions  of  the  ignition  is  conducted  by  Margolin 
and  Chuykc  [70]. 

■1 

I 

Following  the  data  [70],  let  us  examine  the  simplified  | 

problem  of  the  heating  of  walls  of  a pore  of  constant  cross  ’ 

section  witn  a hydraulic  diameter  of  d^  by  the  flow  of  gas  which  » 

flows  in  at  a rate  relative  to  the  walls  of  the  pore  and  having  | 

the  Initial  temperature  , heat  capacity  c_,  coefficient  of 
thermal  conductivity  , and  density  In  the  coordinate  system  . 

connected  with  the  burning  surface  of  the  charge,  the  gas  flows  f 

into  tne  pore  at  the  speed  (V^-u),  where  u is  the  linear  burning 
rate  of  the  explosive.  The  gas  i’lcwlng  in  gradually  cools, 
giving  up  its  heat  to  the  wall,  and  its  temperature  fails  from  ? 

T..  down  to  the  temperature  of  the  wall  T^, . In  the  first  appro'. i- 
iiiation,  let  us  assume  that  the  temperature  of  the  gas  changes  not 
smoothly  but  by  a Jump:  on  a certain  segment  from  the 

inlet  it  is  equal  to  , and  then  - Tq.  Let  us  accept  also  that  ! 

the  temperature  of  the  wall  on  segment  is  constant  and  t 

equal  to  T.  Let  us  write  the  equation  of  the  heat  balance: 

(’/r—  (dCrl>r  (fr  - P)  ~ i]  ■■ 

Where  :.'u  is  the  i.’usselt  numoer  of  the  gas  flowing  in  at  the  right 
t i m.e  . 

From  (28)  let  us  find  the  distance  L^^,  at  which  the  gas 
gives  up  the  heat: 


(25) 
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X, 


(29) 


Values  of  and  Nu  are  measured  or  calculated  (§  13)  on  the. 
basis  of  the  conditions  of  the  gas  Inflow.  According  to  [113], 

for  the  laminar  flow  with  r,  ‘-r;-  >»U  the  h'usselt  number  can  be 

considered  as  constant  (here  x is  the  distance  from  the  Inlet 
Into  the  pore;  Re  and  Pr*  are  Reynolds  and  Prandtl  numbers)  and 
equal  to  h’u=3.66.  From  (29)  it  follows  that  at  small  diameters 
of  the  pore  the  depth  at  which  the  hot  gas  flowing  into  the  pore 
cools  is  very  small*.  Thus,  when  V^=l  m/s  and  at  a pressure 
equal  atmospheric,  the  value  has  following  values: 


A , . \ I ^2^  1 J vjvj  . A,. ^ , I ^ ■ t ■ 1 , 

(2i,  — U)  MK)  ^0,'i  MK. 


The  wall  of  the  pore  is  heated  for  the  period  of  time  Tq  eqi  j. 
to 

To  = /n  (30) 


For  determining  the  time  of  the  reaching  on  the  surface  of 
temperature  T’ , let  us  formulate  the  equation  of  heat  balance 
on  ir.e  wall  of  the  pore; 


Nil  A, 


Aoi.i  2„  (f,  — T'}  T,  (/■■  — y,)  . 


X,T. 


(31 


(a  = 0 for  thie  slit;  a = l for  a pore  of  round  cross-section).  Sub- 
script "t"  refei’s  to  the  soli-  phase.  .Mere  it  is  assumed  that 


* The  -uo 
0 u 5 1 1 o n 


of  cooling  ca.n  subst  a.nt  lally  increase,  if  with  com- 
at release  in  the  condensed  phase  occurs. 


the  depth  of  the  thoroughly  heated  layer 
on  L 


o X fi 


/ - x,T  Is  constant 


Fro;n  (31)  we  find  that 


a -V  1"  — 

\ i\-r  ■ 


(32) 


The  time  of  the  formation  of  the  thermal  layer  Zq=h^/u,  which 
corresponds  to  conditions  of  stationarj  combustion,  is  equal  to 


T,  — /fc  u = v.-c  'u’-. 


(33) 


Combining  the  equality  (30)  with  = lb  Is  possible  to 

obtain  the  following  relation: 


= 1 ,x.7o. 


(3^) 


3 


According  to  the  theory  deve' oped  by  Zel'dovich  [^3j  (not 
allowing  for  the  reaction  in  the  c ndensed  phase),  the  combustion 
of  the  powder  Includes:  1)  the  crea.iOn  in  the  condc'.sed  phase 

of  a sufficiently  deep  thoroughly  heated  layer;  2)  the  1 .atlng 
to  the  temperature  of  the  surface  T'  by  which  the  Intense 
gasification  of  powder  begins;  3)  the  combustion  of  products 
of  gasif Icatlon . Zeldovich  shower  that  the  heat  required  for  the 
combustion  of  products  of  gasification  is  considerably  less  than 
the  heat  going  for  the  heating  of  the  powder. 


Thus,  in  accordance  with  theory  [^3]  for  the  ignition  of  the 
pore,  it  is  necessary  that  the  relations  be  fulfilled: 


(35) 


(36) 
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From  a comparison  of  (35)  and  (36)  It  is  evident  that  (35) 
is  equivalent  to  the  following: 


io  /'OX  , /o  ^ 1 or  Tn/T*>l. 


(35'  ) 


i.e.,  the  requirement  of  a sufficient  thickness  of  the  thermal 
layer  (35)  coincides  with  the  condition  of  the  I'act  that  the 
effective  means  of  the  heat  emission  of  the  gases  exceeds 

the  thickness  of  the  thermal  layer  1^. 

iiy  substituting  relations  (30),  (32)  and  (33)  into  (35)  snd 
(35'),  we  obtain  the  conditions  of  Ignition  In  the  form 

, ' / ' : ^ ^ ^ ''  r — '''  ^ . , . _ ^ 


|1'  — uiNti  (•-‘A'  ,T.  — T ’ ' i''.  J 

The  Ignition  point  T'  depends  on  the  che-.ulcal  kinetics,  the 
thermophysical  characteristics  of  the  substance,  its  ii  Itlal 
temperature  and  heat-transfer  conditions.  From  (37)  and  (38) 
it  is  evident  how  the  fundamental  characteristics  of  the  combustion 
of  the  gas  flowing  in  and  the  explosives  affect  the  conditions 
of  ignition,  specifically,  it  is  evident  that  ignition  is 
possible  only  when  V_-u>Q. 


From  the  examination  carried  out  there  are  interesting 
qualitative  results,  the  physical  content  of  which  corresponds 
to  experimental  observations,  which  principally  can  be  obtained 
independent ly  - from  general  considerations.  The  findings  become 
obvious  if  we  present  them  graphically  (Fig.  25).  In  the  coordi- 
nates, pressure  of  gas  p and  dimension  of  the  pore  d^,  the  con- 
dlticns  of  ignition  (37)  and  (38)  are  depicted,  respectively,  by 
lines  1 and  2.  Above  1 and  2 inequalities  (37)  and  (38) 


.1.1 


‘in  ‘I-!;  it  


a’^e  fulfilled.  Then  the  coordinate  plane  is  divided  Into  the 

each  of  which  cor ’■  .-sponds  to 
effect . 


2b-  Dependence  of  pres- 
of  the  Ignition  of  the  wall 
pore  by  the  Inflowing  gas 
diameter  of  the  pore  d . 


wide  pores  (region  i5 ) stable 
laminar  combustion  occurs;  although  the  gas  permeation  occurs,  the 
explosive  Is  not  ignited,  since  both  inequalities  (37)  and  (38) 
are  not  fulfilled  sim.ultaneously . Region  d covers  the  case  of  the 
stable  comtusticn  at  the  stage  preceding  destabilization. 

V.’ith  an  Increase  in  pressure  there  appears  the  ignicion  of 
pores  average  In  dimension  (region  a),  which  is  characteristic 
for  destabilization  by  the  thermal  condition.  In  this  case 
both  inequalities  are  fulfilled. 

In  region  6 (high  pressures  - narrow  pores)  there  occurs 
forced  combustion  (pyrolysis  of  the  explosive)  when  the  condition 
(37)  of  the  formation  of  the  sufficiently  thick  thoroughly 
heated  layer  Is  not  satisfied. 

In  region  r Inequality  (58)  is  not  fulfilled:  the  prolonged 

heating  of  the  explosives  is  realized.  It  is  possible  to  assume 
that  this  region  corresponds  to  the  thermal  explosion  (flash) 
of  the  layer  of  explosive  heated  to  consj  .-erable  depth. 


following  characteristic  regions, 
the  defined  conditions  of  thermal 
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Finally,  region  r 


(to  tno  right  of  curve  3)  corresponds  to 
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the  turbulent  combustion  of  the  gaseous  Intermediate  products, 
which  can  under  certain  conditions  fill  the  wide  pores  of  the  burn- 
ing charge.  Obtained  are  the  conditions  by  which  the  combustion 
being  spread  over  the  intermediate  products  capable  of  igniting 
the  wall  of  the  pore  [70]. 

In  conclusion  it  should  be  noted  that  the  strict  quantitative 
calculation  of  conditions  of  the  ignition  of  the  walls  of  the 
pore  is  very  difficult. 

§ 15 • Experimental  Study  of  the 
Disturbance  of  Stable  Combustion 

An  experimental  study  Is  conducted  basically  with  the  utili- 
zation of  the  method  of  the  rising  pressure.  The  combustion  of  the 
Investigated  porous  specimens  was  realized  In  the  manometer 
bombs  (see  Fig.  3)  with  the  continuous  recording  of  pressure  in 
the  volume  by  piezoelectric  quartz  crystal  [10,  11]  or  tensometric 
[64]  pressure  sensors.  Besides  the  recording  of  pressure  in  the 
volume  of  the  bomb,  the  optical  recording  c ''  the  process  through 
the  transparent  windows  of  the  bomb  was  used  [10,  63].  In 
separate  experiments  the  recording  of  pressure  in  pores  of  the 
burning  charge  was  also  taken. 

The  lateral  surface  and  the  lower  end  of  the  charge  were 
armored.  The  Ignition  of  the  upper  end  was  realized  by  a wire 
heated  by  current  or  an  igniter,  which  created  a email  pressure 
increaze,  so  that  a further  increase  in  the  volume  of  the  bomb 
occurred  because  of  the  combustion  of  the  porous  charge  to  be 
investigated.  One  should  emphasize  that  reliable  data  can  be 
obtained  in  such  a case  when  t.he  igniter  does  not  exert  a dis- 
turbing action.  Specifically,  the  pressure  created  by  them  must 
be  substantially  lower  than  the  critical  pressure.  The  igniter 
must  provide  a stable  ana  simultaneous  Ignition  of  the  charge  over 
the  entire  surface  with  minimum  delay.  Used  as  the  igniter  were 
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finely  divided  black  powder,  pyroxylin,  and  also  a mixture  of 
pyroxylin  with  ammonium  perchlorate. 

Figure  26  shows  the • standard  recording  of  pressure  In  the 
volume  of  the  bomb  p(t)  and  the  optical  recording  with  the  distur- 
bance of  the  stable  laminar  combustion  of  the  porous  charge.  Thus 
far  the  stable  combustion  was  retained,  a smooth  pressure  buildup 
was  observed,  and  in  this  case  the  rate  of  combustion  of  the 
charge  is  close  to  that  determined  under  conditions  of  the 
Crawford  bomb.  The  sharp  growth  in  pressure  and  velocity  (bend 
In  the  recording)  indicated  the  achievement  of  critical  conditions, 
the  disturbance  of  stable  combustion  by  parallel  layers  and  the 
break  of  combustion  into  the  pores.  The  destabilization  of  com- 
bustion can  be  characterized  by  critical  values  of  pressure  in 
the  volume,  rate  of  combustion  or  gas  permeability.  Usually 
used  as  the  fundamental  characteristic  is  the  critical  stall 
pressure  of  stable  combustion  p^,  which  is  preferable  for  conditions 
of  the  rising  pressure  and  scheme  of  the  "embedded  charge." 

Actually,  with  forced  penetration  the  pressure  precisely  determines 
the  rate  of  the  gas  flow  [see  (21)]  and,  therefore,  the  final  effect 
of  the  inflow.  The  completeness  of  combustion  and  the  distribution 
of  the  temperature  in  the  gas  phase  are  also  functions  of 
pressure.  The  critical  pressure  is  determined  directly  from  the 
oscillogram  p(t).  The  utilization  of  an  optical  recording,  which 
makes  It  possible  to  measure  the  critical  rate  of  combustion,  is 
not  always  possible,  in  particular,  in  the  manometer  bombs  of 
high  pressure. 


The  disturbance  of  the  stable  combustion  of  the  fusing 
secondary  explosives,  as  a rule,  is  accompanied  by  a sharp  break 
on  recording  p(t),  according  to  which  the  stall  pressure  was 
determined.  With  prolonged  stable  combustion,  and  also  for  a 
number  of  the  Infusible  explosives  the  emergence  of  instability 
occurs  in  the  form  of  a smooth  increase  in  pressure  and  rate  of 


81 


Figure  26.  Optical  oscillogram 
(a)  and  the  recording  of  pressure 
p(t)  (b)  with  the  disturbance 
of  the  stable  combustion  of  the 
porous  charge  in  the  manometer 
bomb . 


combustion,  and  the  sharp  break  on  recordings  p(t)  is  absent. 

The  determination  of  critical  pressure  from  these  oscillograms 
was  conducted  by  reconstructing  them  for  the  convenience  of 
processing  in  semilogarithmic  coordinates  (Ig  p-t ) or  comparing 
them  with  recordings  of  the  stable  combustion  of  the  solid 
(standard)  charge. 

The  method  simple  in  execution  of  the  manometer  bomb  with 
the  continuous  recording  of  pressure  p(t)  made  it  possible  to 
investigate  and  compare  the  combustion  stability  of  different 
classes  of  explosives  and  powders. 

Effect  of  Porosity  and  Gas  Permeability 

Research  on  the  destabilization  of  the  combustion  of  charges 
Ox  explosives  with  high  porosity  (m>0.15)  was  conducted  in  v;orks 
[11,  32,  62-69].  In  the  investigations  of  Belyayev  with  colleagues 
[10,  60]  the  primary  attention  was  given  to  the  radiation  of  the 
emergence  of  instability  in  specimens  with  low  values  of  porosity 
(m=0 . 15-On  03')  and  gas  permeability  (k=10  ^-10~  darcy),  which 
was  conditioned  by  the  following  facts.  With  porosity  m<0.15  it 
is  possible  to  disregard  the  deformation  of  charges  at  the  stage 
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of  laminar  combustion,  since  their  stability  is  disturbed  at 
pressures  considerably  leas  than  those  with  which  the  specimens 
were  pressed.  Furthermore,  the  obtained  results  correspond  to 
the  destabilization  of  the'  combustion  of  the  unrestricted  charges 
when  there  is  no  effect  of  the  enclosed  lower  end.  Finally,  as  it 
will  be  clear  from  the  following  presentation,  at  low  values  of 
porosity,  especially  in  relief,  the  effect  on  the  stability  of 
physlocochemical  properties  of  the  explosives  is  exhibited. 

Let  us  examine  the  results  obtained  in  the  works  of  Belyayev 
with  colleagues  [10,  60].  Used  were  porous  specimens  whose 
diameters  are  5 and  10  mm  and  lengths,  40-70  mm.  The  initial 
particle  size  comprised  basically  5-20  ym.  The  density  of  the 
charging  was  constant  and  equal  to  50  kg/m^,  and  the  speed  of 
the  pressure  change  with  laminar  combustion  dp/dt“0.1-10  atm/ms. 

It  was  shown  that  the  combustion  stability  of  the  investi- 
gated specimens  does  not  depend  on  the  length  of  the  section  of 
the  laminar  combustion  and  is  unambiguously  determined  by  the 
value  of  the  critical  stall  pressure.  Therefore,  the  experi- 
mental data  are  represented  in  the  form  of  dependences  of  the 
critical  stall  pressure  on  the  basic  parameters  of  the  charge. 

The  dependences  of  critical  pressure  on  porosity  for  the 
secondary  explosives  and  mixture  compositions  (with  the  stoichi- 
ometric relationship  of  components)  are  given,  respectively, 
in  Figs.  27  and  28.  Points  on  the  curves  represent  average 
values  of  3-^  measurements.  In  the  region  of  pressures  lower 
than  the  curve,  the  combustion  is  stable,  and  above  the  curve  - 
unstable . 

Let  us  note  the  basic  results  which  follow  from  the  findings: 

1.  The  destabilization  of  the  combustion  of  the  secondary 
explosives  - trotyl,  DINA,  picric  acid,  and  PETN,  in  the  whole 
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investigated  interval  of  porosity,  occurs  at  pressures  substantially 
greater  than  In  the  case  of  pyroxylin  and  mixture  compositions  on 
the  basis  of  potassium  and  ammonium  perchlorates. 


p^,cms 


(a) 


p,,amM  (a) 


Figure  27 


Figure  28 


Figure  27.  Dependence  of  critical  stall  pressure  on  porosity  for 
secondary  explosives  (d^’lO  mm,  r*5-20  pm).  1 - trotyl;  2 - picric 

acid;  3 - DINA;  4 - PETN;  5 - cyclonlte;  6 - pyroxylin  No.  1. 

Key;  (a)  atm. 

Figure  28.  Dependence  of  critical  stall  pressure  on  porosity  for 
mixture  explosives  (d^’lO  mm,  r*5-20  ym).  1 - bltumen+KC10|^ ; 

2 - polystyrene+KClOi^;  3 - trotyl+NH^jClO^^;  ^ - bltumen+NH|^C10q . 

Key:  (a)  atm. 


2.  Burning  of  the  compositions  on  the  basis  of  ammonium 
perchlorate  (AP)  [flXA)  In  the  Interval  cf  pressures  of  100-200  atm 
Is  stable  If  the  porosity  of  the  specimens  does  not  exceed  0.0:-. 

3.  Values  of  critical  pressure  for  the  Investigated  mixture 
compositions  with  different  combustibles  (polystyrene,  bitumen, 
trotyl)  with  identical  porosity  proves  to  be  close.  This  result 
indicates  that  the  porslbillty  of  the  destabilization  of  this 
type  of  systems  Is  ;ermined  basically  by  the  properties  of  the 
oxidizer . 
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^1,  With  a decrease  In  porosity  the  critical  pressure  rises, 
and  In  this  case  connection  p_(m)  Is  satisfactorily  described 

w 

by  the  hyperbolic  dependence  of  the  form: 

= (39) 

where  a,  b are  constants  the  value  of  which  are  represented  below: 


a 

b 

Trotyl 

2k 

0.05 

Picnic  acid 

15 

0.05 

PETN 

20 

0.025 

Mixture  compositions 

3-7 

0.025 

The  value  of  the  constant  a is  determined  by  the  physlo- 
chemlcal  properties  of  the  substance  and  by  experimental  con- 
ditions. The  constant  b approximately  characterizes  the  value 
of  the  enclosed  (gas-impermeable)  porosity.  This  follows  from 
a comparison  of  the  given  data  with  the  dependence  of  gas  per- 
meability on  porosity  (see  Pig.  12):  in  the  interval  of  the 

varJetion  in  porosity  m=0.03-0.5,  the  gas  permeability  of  the 
specimens  is  extremely  small  and  consists  of  the  value  of  the 
order  of  lO”^  darcy.  According  to  (39)>  with  the  porosity  m£b 
the  stable  combustion  to  high  pressures  must  be  maintained,  which 
was  confirmed  by  the  direct  experiment.  The  stable  combustion  of 
the  specimens  of  PETN  and  mixture  compositions  with  a porosity 
of  m=0. 02-0.03  was  observed  up  to  the  maximum  (in  our  experiments) 
pressure  of  3000-^1000  atm  [23].  An  insignificant  Increase  in 
the  porosity  up  to  value  of  0.05  leads,  as  can  be  seen  from 
Fig.  28,  to  instability.  Thus,  the  transition  from  stable  combus- 
tion to  unstable  burning  in  this  interval  of  the  variation  in 
porosity  occurs  exceptionally  sharply. 

We  will  turn  to  an  explanation  of  the  effect  of  gas  per- 
meability, since,  namely,  the  gas  permeability  determines  the 
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possibility  of  the  filtration  of  the  products  of  combustion  into 
the  pores.  The  corresponding  data  are  represented  on  Fig.  29; 
the  measurement  of  the  dependence  of  gas  permeability  on  porosity 
was  conducted  according  to  the  procedure  described  in  S 5* 

One  should,  first  of  all,  note  that  the  distinction  in  the 
combuscion  stability  of  the  investigated  explosives  is  especially 
distinctly  exhibited  at  low  values  of  the  gas  permeability 
(k~10~^  darcy).  With  an  increase  in  the  gas  permeability  (porosity) 
and,  consequently,  also  the  dimension  of  the  pores,  the  distinction 
in  values  of  critical  pressure  is  smoothed  over.  This  fact  indi- 
cates that  the  role  of  the  physicochemical  properties  explosives 
as  a factor  which  affects  destabilization  is  important,  first 
of  all,  with  the  small  dimension  of  the  pores. 


Figure  29.  Dependence  of 
critical  stall  pressure  on 
the  logarithm  of  reverse  gas 
permeability  (d^^lO  mm,  r= 

=5-20  ym).  1 - trotyl;  2 - 
PETN;  3 - bitumen+KClO^i;  4 - 

trotyl+NK^ClC^ ; 5 - bltumen+ 

+.NH^C10^. 

Key:  (a)  atm. 

The  combustion  stability  of  mixture  explosives  with  small  gas 
permeability  k=10  darcy  is  disturbed  at  the  low  pressures 
P^=10C-200  atm,  which  qualitatively  agrees  with  results  of  the 
calculation  carried  out  above  (page  74  ).  In  the  case  of  the 
secondary  explosives  this  accord  is  absent.  It  is  remarkable 
that  the  combustion  stability  of  powerful  explosives,  PETN,  is 
significantly  higher  than  that  of  mixture  explosives.  Essentially 
different  proves  to  be  also  the  nature  of  the  dependence  of  stall 
pressure  on  gas  permeability. 


(a) 
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For  mixture  explosives  It  Is  comparatively  weak  and  takes 
the  form 


(Ho) 

where  constants  G and  P weakly  depend  on  the  nature  of  the 
combustible . 

The  secondary  explosives  detect,  as  a rule,  a more  powerful 
and  more  complex  dependence  of  stall  pressure  on  gas  permeability. 
The  established  features  in  the  behavior  of  the  Investigated 
systems  are  conditioned  by  the  distinctions  In  the  mechanism  of 
their  combustion  and,  first  of  all.  In  the  physical  state  of 
the  combustion  surface . 

The  data  presented  are  acquired  on  systems  pressed  from 
particles  of  Identical  dimension  (r“5-20  u). 

Let  us  examine  the  effect  of  the  Initial  particle  sizes  of 
explosives  (PETN)  on  the  possibility  of  the  disturbance  of  laminar 
combustion.  The  dependence  of  the  critical  stall  pressure  on 
porosity  and  gas  permeability  for  specimens  of  PETN  with  the  dif- 
ferent Initial  particle  sizes  are  represented  on  Figs.  30  and  31 
(with  the  construction  of  dependence  p (Ig  1/k)  data  of  Fig.  13 
were  utilized).  From  the  given  data  It  follows  that  an  increase 
in  particle  sizes  with  constant  porosity  or  gas  permeability  of 
the  charge  leads  to  a considerable  reduction  In  the  critical 
stall  pressure.  This  result  Indicates  the  fact  that  not  only 
does  the  porosity  but  also  the  gas  permeability  determine  unam- 
biguously the  stability  of  the  laminar  combustion.  Together 
with  the  gas  permeability  a considerable  effect  on  the  disturbance 
of  laminar  combustion  is  exerted  by  the  distribution  of  pores 
according  to  dimension  (more  correctly  - the  presence  in  the 
distribution  of  large  pores). 


87 


Figure  30  Figure  31 

Figure  30-  Dependence  of  critical  stall  pressure 
on  porosity  for  PETN  with  different  Initial  par- 
ticle sizes  (d,=5  mm).  1 - r=5-10;  2 - 120;  3 - 
500  urn ) . ^ 

Key:  (a)  atm. 

Figure  31.  Dependence  of  critical  stall  pressure 
on  the  logarithm  of  the  reverse  gas  permeability 
of  ?ET;J  (d^  = 10  mm).  1 - r=5-10;  2 - 500  pn. 

Stability  Rows 

The  investigations  carried  out,  made  under  identical  con- 
ditions, make  it  possible  to  conduct  the  classification  of 
different  explosives  according  to  the  degree  of  their  stability. 

Compared  was  the  combustion  stability  of  specimens  with  the  gas 

-5 

permeability  equal  to  10  darcy  when  the  initial  particle  sizes, 
geometric  dimensions  of  the  charge  and  conditions  of  combustion 
were  identical.  The  findings  are  Integrated  below  for  values 
of  gas  permeability  k«10  ^ darcy,  the  Initial  particle  size 
r=5-2C  urn,  the  length  of  the  charge  L=^0-70  mn,  the  diameter  of 
the  charge  d^=10  nm,  and  the  density  of  the  charging  0.05  g/cm^. 
Given  below  are  values  of  critical  stall  pressures  in  atmospheres: 

Secondary  fusing  substances  Infusible  substances 


trotyl 

2000 

pyroxylin 

200 

picric  acid 

800 

compositions  on  the 

P£Ti: 

550 

basis  of  AP 

100-175 

uyclonlte 

250 

I 

i 
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Initiating  substances 

mercury  fulminate  100 

lead  azide  +2!8 
paraffin  see  ^ 


‘Detonates  at  any  pressure. 

(For  crystal  explosives  and  ammonium  perchlorate  with  a particle 

size  of  5-20  urn  the  porosity  of  specimens  m*0. 06-0.07  corresponds 

-5 

to  a gas  permeability  k=10  darcy). 

The  greatest  stability  Is  possessed  by  the  secondary  ex- 
plosives, and  the  least  stability  - the  Initiating  explosives. 

In  this  case  a change  in  properties  of  the  substances  in  the 
stability  rows  obeys  the  completely  defined  law:  the  capability 

for  melting  decreases,  and  the  role  of  reactions  in  the  condensed 
phase  Increases. 

The  main  feature  of  the  majority  of  the  secondary  explosives 
is  their  ability  to  be  fused  during  combustion  without  noticeable 
decomposition  in  the  condensed  phase.  Research  on  the  burning 
surface  of  the  extinguished  porous  specimens,  and  also  the  simul- 
taneous recording  of  pressure  in  the  volume  and  pores  of  the 
burning  charge  showed  that  high  combustion  stability  of  very  dense 
secondary  explosives  (trotyl,  picric  acid,  DINA,  PETN)  was 
caused  by  the  existence  on  the  burning  surface  of  continuous 
molten  layer  [10,  59,  60]^.  With  stable  combustion,  when  the 


‘irrespective  of  the  authors,  the  position  about  the  stabilizing 
effect  of  the  molten  layer  with  the  combustion  of  the  porous 
fusing  explosives  was  advanced  by  Taylor  [82]. 
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pressure  Is  lower  than  the  critical,  the  molten  layer  performs 
the  role  of  a gas-impermeable  partition,  which  eliminates  the 
filtration  of  gas  products  into  the  pores:  the  pressure  in  the 

pores  is  virtually  retained  equal  to  atmospheric  up  to  burnout, 
l.e,,  up  to  the  approach  of  the  front  of  combustion  to  the  sensor 
located  on  the  end  of  the  charge.  The  disturbance  of  the  con- 
tinuity of  the  fusion  occurs  at  a pressure  close  to  the  critical. 
Under  these  conditions  the  penetrating  gases  are  intensely  cooled 
as  a result  of  heat  removal  for  melting  and  vaporization  of  the 
substance,  which  also  contributes  to  the  flame  stabilization. 

In  the  first  approximation,  it  is  possible  to  assume  that 
the  combustion  of  the  fusing  explosives  is  stable  as  long  as  the 
molten  layer  remains  continuous.  The  condition  of  continuity 
of  the  molten  layer  means  that  its  thickness  x is  not  less  than 
the  maximum  size  of  the  pores,  l.e., 

■r  (^1) 

Hence  there  ensues  a number  of  Interesting  consequences.  First 
-f  all.  It  appears  that  the  computed  values  of  the  thickness  of 
the  molten  layer  correspond  to  the  experimentally  established 
series  of  stability  of  the  secondary  explosives. 

Values  of  the  thickness  of  the  molten  layer  were  calculated 
from  the  formula 


(^2) 


where  ud  io  the  mass  rate  of  combustion;  X - thermal  conductivity 

of  fusion;  c - heat  capacity;  - critical  temperature;  T 

X n 

melting-point;  Tq  - initial  temperature. 

Utilizing  the  values  available  in  literature  [78-80]  of  the 
quantities  which  enter  into  expression  (^2),  we  find  that  at 
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a praaaure  of  100  atm  the  thlokntee  of  the  molten  layer  for 
trotyl,  plorlo  aold,  PETN,  and  oyolonite  le  equal » respectively, 
to  50,  35,  13  and  5 pm,  and  at  a pressure  of  300  atm  - 18,  12,  3 
and  2 um.  The  fact  that  the  Indicated  explosives  In  the  stability 
row  are  located  In  the  same  sequence  once  more  confirms  the 
validity  of  the  developed  representations. 

Furthermore,  the  relation  (^1)  makes  It  possible  to  estimate 
the  maximum  size  of  the  pores.  Thus,  for  Instance,  for  trotyl 
with  a porosity  of  m«0.15  the  critical  stall  pressure  Is  equal 
to  p=300  atm.  At  this  pressure  the  thickness  of  the  molten  layer, 
and,  consequently,  the  maximum  size  of  the  pores,  is  d*l8  um. 

From  the  distribution  of  the  pores  according  to  dimension  (see 
Fig.  10),  it  follows  that  the  directly  measured  value  in  specimens 
of  trotyl  of  the  same  porosity  proves  to  be  close  and  equal  to 
10  um. 

In  the  line  of  decreasing  stability  to  the  right  of  the 
secondary  fusing  explosives  there  are  located  the  substances 
with  the  combustion  of  which  the  molten  layer  is  not  formed 
(pyroxylin,  mercury  fulminate),  or  it  is  not  continuous  (mixture 
on  the  basis  of  ammonium  and  potassium  perchlorates).  In  the 
process  of  combustion  the  ammonium  perchlorate  and  potassium 
perchlorate  are  melted  at  high  temperature  with  decomposition. 

At  atmospheric  pressure  the  melting  point  of  ammonium  perchlorate 
is  T_„=:850°K  [5^].  The  corresponding  value  for  potassium  per- 
chlorate =883°K  [81]. 

The  emergence  of  instability  is  furthered  also  by  the  course 
of  exothermal  reactions  in  the  condensed  gas,  which  play  an 
Important  role  in  the  combustion  of  pyroxylin  [50],  compositions 
on  the  basis  of  AP  [A8]  and  mercury  fulminate  [5].  The  gaseous 
decomposition  products  forming  in  the  k-phase  cause  the  dispersion 
of  substance,  lead  to  a constant  destruction  of  the  surface 
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layer  and  make  the  shaping  of  the  continuous  molten  layer  Im- 
possible , even  if  a liquid  film  is  formed.  On  the  other  hand, 
the  heat  liberation  in  the  k-phase  increases  the  path  of  heat 
emission  of  the  products  of  combustion  penetrating  Into  the  pores 
and  facilitates  the  combustion  of  the  Internal  surface  of  the  pores. 

With  the  disturbance  of  the  laminar  combustion  there  Is  great 
significance  In  the  temperature  of  the  penetrating  products, 
which  depends  on  the  combustion  temperature  of  the  explosives 
ar.d  the  distribution  of  temperature  near  the  surface.  Andreyev 
[37]  correctly  considered  the  high  combustion  temperature  as 
a reason  for  the  Increased  tendency  toward  the  emergence  of 
the  explosion.  The  experiments  carried  out  showed  that  an  in- 
crease In  the  combustion  temperature,  which  was  achieved  by  the 
Introduction  of  a combustible  to  the  pure  ammonium  perchlorate, 
caused  a decrease  in  the  stall  pressure. 

However,  a decisive  Importance  for  blowout  Is  exerted  by  the 
nature  of  the  distribution  of  temperature  in  the  gas  [10],  since, 
first  of  all,  the  gaseous  products  which  adjoin  the  surface 
penetrate.  It  was  established  that  the  precisely  narrow  tempera- 
ture zone  which  is  characteristic  for  systems  on  the  basis  of  AP 
[8l,  161]  Is  mainly  responsible  for  the  low  stability  of  their 
combustion.  Together  with  other  factors  noted  above,  this  leads 
to  the  fact  that  the  compositions  on  the  basis  of  AP  In  their 
stability  virtually  do  not  differ  from  mercury  fulminate.  The 
high  value  of  the  temperature  gradient  near  the  surface  provides 
corr.bubtlon  of  the  porous  substance  with  gas  of  high  temperature 
and  riruKus  combustion  In  the  narrow  pore  possible. 

it  is  necessary  to  emphasize  the  following  fact.  With  the 
destabilization  of  the  combustion  of  the  "infusible"  substances 
by  the  forced  mechanism,  the  value  of  the  mass  flow  rate  of 
laminar  combustion  does  not  play  a significant  role  (unlike  the 
disturba:v;e  by  the  spontaneous  mechanism,  see  § 12,  I6 ) . Thus, 
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for  instanoo^  with  close  stability  the  mass  rate  of  combustion 
of  mercury  fulminate  by  one  order  of  magnitude  exceeds  the  appro- 
priate value  for  perchlorate  compositions. 

Fx'om  that  presented  above  it  is  not  difficult  to  see  that 
the  combustion  stability  is  connected  in  the  closest  way  with 
the  mechanism  of  combustion  and  depends  on  the  complex  of  physico- 
chemical properties. 

Let  us  determine  the  critical  dimension  (diameter)  of  the 
pore  d^p  at  which  the  penetration  of  combustion  into  it  is 
observed.  For  this  we  utilize  the  condition  of  flame  stabiliza- 
tion by  the  molten  layer:  d^_=x.  If  d >x,  then  the  combustion 

H p ^ P 

penetrates  into  the  pore,  and  with  d <x  the  penetration  is  absent. 
For  PETN,  for  example,  critical  stall  pressure  is  equal  to  300  atm 
with  the  porosity  of  the  charge  m=^0.1.  At  this  pressure  the 
value  of  the  molten  layer,  and,  consequently,  the  critical 
dimension  of  the  pore,  is  d =3 

Kp 

With  an  increase  in  pressure  and  rate  of  combuslton , the 
critical  dimension  of  the  pores  decreases.  Taking  into  account 
that  for  the  fusing  explosives  d =x-'l/u,  and  u~p,  we  obtain 

Kp 

1/M  — Ip. 


H‘/e  compare  the  obtained  value  d with  the  average  hydraulic 

K p 

diameter  of  the  pore.  We  will  describe  the  investigated  porous 
medium  by  the  model  of  an  ideal  ground.  In  accordance  with  (2), 
for  PETN  at  critical  values  of  the  porosity  m=0.1  and  gas  per- 
meability k=1.5*10“^  darcy,  we  have  d^l^^O.P  ym,  which  by  one  order 

of  magnitude  is  less  than  d^p.  The  obtained  distinction  is  con- 
nected with  the  fact  that  the  disturbance  of  laminar  combustion 
begins  into  the  largest  (and  not  into  average  in  dimension)  pores 

of  the  charge:  d 

° KP  nmax 
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whence 


w const'  or  pd„j,  « const. 

These  relations  for  the  fusing  explosives  are  approximately 
fulfilled. 

With  the  combustion  of  the  porous  systems,  which  do  not  form 
a continuous  molten  layer,  the  relation  pd  -const  also  occurs; 

K p 

however,  the  value  of  the  constant  in  this  case  is  substantially 
lower.  This  means  that  the  penetration  of  combustion  into  pores 
identical  in  dimension  of  "Infusible”  explosives  occurs  at  lower 
pressure.  If  for  PETN  the  combustion  penetrates  Into  pores 
with  a dimension  of  3 um  at  a pressure  of  300  atm,  then  Into  pores 
close  in  dimension  of  mixture  systems  - at  p<100  atm. 

As  was  already  mentioned,  in  Andreyev’s  works  with  colleagues 
[64-69]  the  combustion  stability  of  the  low-compact  charges  of 
the  explosives  was  studied.  The  following  substances  were  investi- 
gated: trotyl,  xylyl,  picric  acid,  trinitrobenzene,  hexanltrodi- 

phenol,  tetryl,  octogen  [HiiX],  PETN,  and  mercury  fulminate.  A 
high-compact  (6-0.95-0.97)  charge  was  used  as  the  standard.  The 
experimental  data  are  represented  in  the  form  of  curves  of  p(t): 
pressure  in  the  volume  - time.  The  basic  parameter  was  the  criti- 
cal density.  It  was  established  that  at  a relative  density  of 
6-0.7  (r»50-100  ym)  the  combustion  stability  of  all  the  investi- 
gated explosives  is  disturbed  at  a pressure  which  does  not  exceed 
50  atm.  The  pressure  which  was  created  by  the  igniter,  which 
ignites  the  charge,  was  50  or  100  atm,  i.e.,  it  was  close  to  or 
exceeded  the  critical  value.  Therefore,  these  data  are  interesting 
from  the  viewpoint  of  combustion  beyond  the  stability  limit.  Those 
results  which  correspond  to  the  combustion  of  very  dense  charges 
and  which  give  the  representation  about  the  relative  combustion 
stability  of  different  explosives  will  agree  as  a whole  with  those 
which  were  presented  above. 
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Efftct  of  tht  rttirdor.  In  work  [63]  the  combustion  stability 
of  mlxtux*es  of  oyolonlte  with  paraffin  wac  studied.  Cyclonlte  with 
particle  sizes  of  200  urn  was  used.  The  findings  are  represented 
on  Pig.  32.  Prom  them  It  follows  that  the  Introduction  of  10% 
paraffin  does  not  affect  the  value  of  the  critical  stall  pressure. 
Experiments  rich  in  the  retarder  content  were  not  conducted.  In 
the  opinion  of  the  authors,  the  basic  effect  of  the  introduction 
of  the  retarder  lies  in  the  fact  that  it  significantly  changes 
the  nature  of  the  development  of  the  process  after  the  disturbance 
of  the  laminar  combustion  and  eliminates  explosions  which  occur 
in  pure  explosives. 


Role  of  the  Geometric 
Dimensions  of  the 
Charge 

The  effect  of  the  diameter 
d^  and  length  L of  the  charge 
was  studied  [10],  Charges  with 
a blind  (gas-impermeable)  bottom 
were  investigated. 


Figure  32.  Disturbance  of  the 
stable  combustion  of  mixtures  of 
cyclonlte  (r=200  um)  with  paraf- 
fin. 1 - pure  cyclonlte;  2 - 
cyclonlte+10%  paraffin. 

Key:  (a)  atm. 


virtually  does  not  depend  on  the 
laminar  combustion  preceding  the 


Experimentally  it  was  shovm 

that  under  conditions  of  the 

manometer  bomb  the  combustion 

✓ 

stability  of  the  samples  usually 
applied  in  work  [10]  with  gas 

-■3 

permeability  k<10  darcy 
length  of  the  section  of  the 
emergence  of  the  convective 


combustion,  and  it  is  determined  by  the  magnitude  of  the  stall 
pressure  (in  this  case  at  the  moment  of  the  achievement  of  the 


critical  pressure  the  remaining  length  of  the  charge  was,  as  a 
rule,  more  than  15-20  mm). 


The  obtained  result  Indicates  that  at  sufficient  length  the 
presence  on  the  lower  end  of  the  charge  of  the  gas-impermeable 
boundary  does  not  affect  the  process  of  the  filtration  of  products 
and  the  Interruption  of  the  laminar  combustion. 

Thus,  the  data  [10,  60]  correspond  to  the  case  of  the  dis- 
turbance of  the  laminar  combustion  of  the  unlimited  porous  charges. 
It  Is  necessary  to  emphasize  that  under  these  conditions  the  criti- 
cal stall  pressures,  determined  by  the  method  of  the  manometer 
bomb  and  from  the  scheme  of  the  "embedded  charge”,  virtually 
coincide. 

At  the  same  time  the  compression  of  the  filtering  gas  at 
the  lower  end  of  the  charge,  which  leads  to  a pressure  equalizing 
in  the  pores  and  a decrease  in  the  rate  of  filtration,  can  stabilize 
the  combustion.  Stabilization  occurs  If  products  which  penetrated 
to  the  entire  length  of  the  charge  are  not  in  a state  to  Ignite 
the  Internal  surface  of  the  pores. 

Theoretical  analysis  shows  (S  13)  that  the  less  the  length 
of  the  charge,  and  the  more  Its  gas  permeability,  the  more 
noticeable  the  effect  is  exerted  by  the  gas-impermeable  boundary. 

For  tho  purpose  of  research  on  the  stabilizing  correction  of  the 
enclosed  end,  experiments  by  the  scheme  of  the  ”embedded"charge 
were  carried  out  (see  Fig.  2)  in  which  the  low-density  charges 
(m>0.2,  k>10  darcy)  of  different  length  were  ignited. 

Experiments  were  conducted  with  the  mixture  system  (on 
the  basis  of  APO  at  constant  pressure  p^,  the  value  of  which 
exceeded  the  critical  pressure  p determined  for  a long  charge. 

w 

The  findings  in  schematic  form  are  represented  in  Fig.  33 
(plotted  along  the  axis  of  the  abscissas  is  the  value  of  the 
length  of  the  charge  L and  along  the  axis  of  the  ordinates  - 
delta-function  A':  with  A’=0  the  combustion  is  stable,  and 
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with  the  oombustlon  is  unstable).  It  la  evident  that  there 

Is  a threshold  value  of  the  length  of  the  charge  (L’)»  lower  than 
which  the  combustion  was  stable,  laminar  and  was  realized  with 
the  mass  flow  rate  close  to  the  same  for  a solid  specimen.  With 
an  Increase  In  the  length  of  the  charge  (L>L' ) a convective  com- 
bustion mode  appeared.  An  analogous  effect  was  observed  In  work 
[64]. 


r 

h 


Figure  33*  Effect  of 
the  length  of  the  charge 
on  the  disturbance  of 
stable  combustion. 


The  transition  from  stable  com- 
bustion to  unstable  was  observed  In 
the  narrow  Interval  of  the  variation 
In  the  length  of  the  charge.  In  the 
transient  region  the  convective  com- 
bustion Initiated  at  low  speed  was 
usually  retarded  and  was  changed  by 
laminar  combustion  (Fig.  34  depicts 


the  combined  recording  of  pressure 
p(t)  obtained  of  one  experiment  and 
the  optical  recording  when  the  scanning  speeds  of  the  recorders 
were  equal). 


Figure  34.  Recording  of  pressure  p(t)  and 
optical  oscillogram  with  the  combustion  of 
the  "embedded  charge." 


Thus,  the  existence  with  Pq>Pj.  of  the  threshold  value  of 
the  length  of  the  charge  L'  Is  connected  with  very  rapid  pressure 
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equalization  in  the  pores.  Thus,  for  Instance,  in  accordance  with 
(26)  for  the  charge  with  m*0.3»  k«10  darcy,  length  L-0.3  cm 
at  a pressure  of  Pq"50  atm,  the  characteristic  time  of  the 
pressure  balance  in  the  pores  is  extremely  little  and  consists 
of  which  is  substantially  below  the  usually 

observed  ignition  delay. 

The  investigation  of  the  effect  of  the  diameter  of  the 
charge  (Pig.  35)  was  conducted  in  the  manometer  bomb  on  an  example 
of  PETN.  The  constancy  of  the  density  of  loading  with  the  com- 
bustion of  the  specimens  were  achieved  by  the  use  of  a set  of  ma- 
nometer bombs  with  a different  free  volume.  Figure  35  shows 
that  an  Increase  in  the  diameter  of  the  charge  in  the  Interval 
of  d 2=3-10  mm  reduces  the  combu.:tlon  stability,  and  with  a 
further  Increase  in  the  diameter  its  effect  is  insignificant.  In 
the  investigation  of  other  explosives  an  analogous  effect  of  the 
diameter  of  the  charge  was  observed. 

It  is  appropriate  to  compare  the 
dependence  p (d,)  with  data  on  the 
effect  of  the  initial  particle  sizes 
(see  Pigs.  30,  31).  A reduction  in 
the  combustion  stability  with  an  in- 
crease in  the  diameter  of  the  charge 
and  initial  particle  size  with  Identi- 
cal gas  permeability  of  specimens 
indicates  that  the  laminar  combustion 
is  disturbed  not  simultaneously  on 
the  whole  front,  but  in  separate 
centers  - the  largest  pores  into  which, 
first  of  all,  the  perstratlon  of  combustion  begins^.  With  an 


Figure  35.  Effect  of  the 
diameter  of  the  charge  on 
the  disturbance  of  stable 
combustion . 

Key:  (a)  atm;  (b)  mm. 


^That  stated  above  is  confirmed  also  by  the  form  of  the  optical 
recording  of  convective  combustion  (see  Fig.  3^),  which  is  charac- 
terized by  the  uneven  "ragged"  front,  which  is  caused  by  the  pene- 
tration of  combustion  on  separate  pores  in  the  center  section  of 
the  charge  with  the  subsequent  yield  of  combustion  to  the  lateral 
charge  surface. 
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Increase  In  the  diameter  of  the  charge  and  initial  particle  size 
there  is  an  increase  in  the  number  of  large  pores  and,  conse- 
quently, the  number  of  centers  of  the  penetration  of  combustion, 
which  is  also  the  reason  for  a reduction  in  the  stability  of  the 
""laminar  combustion.  From  these  data  there  follows  the  Important 
role  of  the  distribution  of  pores  according  to  dimension.  For 
tnis  very  reason  the  gas  permeability,  which  is  the  Integral 
parameter  of  the  porous  medium,  does  not  determine  unambiguously 
the  possibility  of  the  destabilization  of  the  laminar  combustion. 

The  need  for  an  account  of  the  distribution  of  the  pores  accord- 
ing to  dimension  in  macroscoplcally  uniform  porous  systems  is 
a specific  feature  of  the  investigated  phenomenon. 

Effect  of  Conditions  of  Test  Work  [10] 

The  possibility  of  the  disturbance  of  laminar  combustion 
depends  on  conditions  of  the  experiment,  which  detremlne  the 
original  reasons  which  cause  the  filtration  of  products  of  com- 
bustion into  the  pores  (see  § 12).  A compaiison  of  the  combustion 
stability  of  identical  porous  specimens,  carried  out  in  conditions 
of  the  manometer  bomb  and  bomb  of  "constant  pressure"  (with  the 
filling  of  pores  with  .nitrogen),  showed  that  in  the  latter  case 
the  laminar  combustion  is  disturbed  at  pressures  5-15  times 
greater;  In  this  case  the  nature  of  the  emergent  convective  com- 
bustion is  substantially  distinguished  (see  § 23)-  Let  us 
exam.ine  the  combustion  of  the  porous  charges  under  these  conditions. 

It  was  shown  that  the  increased  combustion  stability  under 
conditions  of  the  bomb  of  "constant  pressure"  was  conditioned 
by  the  filling  of  pores  in  the  process  of  the  creation  of  pressure 
by  inert  cold  gas.  Special  tests  were  run  v?hen  pumped  into  the 
manometer  bomb  preliminarily  was  nitrogen,  which  filled  the  pores 
of  the  explosive,  whereupon  the  charge  v.'as  Ignited  by  the  wire 
heated  by  current.  The  obtai.ned  results  for  one  concrete  example 
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(PETN,  m*0.24;  ra20  ym)  are  represented  in  Fig.  36  (plotted  along 
the  axis  of  the  abscissas  Is  the  Initial  pressure  in  the  pores 
p^).  From  the  given  data  it  follows  that  with  an  Increase  in 
the  pressure  In  the  pores,  the  stability  of  laminar  combustion 
substantially  rises.  With  the  combustion  of  this  charge  in  the 
manometer  bomb  (p^“l  atm)  the  critical  stall  pressure  is  p*100  atm, 
and  under  conditions  of  the  bomb  of  "constant  pressure"  (with 
the  filling  of  the  pores  with  nitrogen)  the  value  p^*700  atm. 

Thus,  undex-  'tlons  of  the  ma- 

nometer bomb  or  the  scheme  of  the  "embedded 
charge",  the  critical  stall  pressure  of 
laminar  combustion  (or,  which  is  the  same, 
the  critical  dimension  of  the  pores) 
proves  to  be  considerably  lower  than 
that  in  the  bomb  of  "constant  pressure". 

The  reason  for  the  indicated  distinction 
is  connected  with  the  fact  that  under 
these  conditions  the  mechanism  of  the 
penetration  of  products  into  the  pores 
substantially  changes  (see  § 12). 

Key:  (a)  atm. 

E.  SPONTANEOUS  PENETRATION  OF 
COMBUSTION  INTO  THE  PORES 

The  disturbance  of  t.he  laminar  combustion  by  spontaneous 
(stream)  mechanism  occurs  when  there  is  no  forced  gas  permeation 
and  there  are  a non-unlvariate  nature  and  a transiency  of  the 
structure  of  the  combustion  zone  and  gas  flows  in  the  irmnedlate 
proximity  of  the  surface. 

If  the  flow  of  the  gases  above  the  combustion  surface  Is 
one-dimensional  and  with  removal  from  the  surface  the  temperature 


(a) 


Figure  36.  Depend- 
ence of  critical 
pressure  on  the 
initial  pressure 
of  nitrogen  in  the 
pores . 
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and  gas  velocity  increase,  then  from  the  Hugoniot  adiabatic  curve 
it  follows  that  the  pressure  with  removal  from  the  surface  will 
be  gradually  decreased.  Thus,  a local  pressure  Increase  can  be 
only  with  nonstationary  and  nonuniform  combustion.  The  existence 
-of  the  spontaneous  gas  permeation  was  established  in  the  following 
e xperiments . 

The  combustion  under  falling  pressure  was  studied.  It  is 
clear  that  under  conditions  of  combustion  under  the  constant  and 
all  the  more  falling  pressure,  the  forced  gas  permeation  does 
not  occur.  In  this  case  the  penetration,  if  it  occurs,  must 
occur  according  to  the  mechanism  of  spontaneous  penetration. 

Were  prepared  the  charges  which  had  a clearance  modelling 
thiC  blind  pore  with  a height  of  ^0  and  width  of  --0,1  mm  between 
the  plate  of  the  secondary  explosives  of  cyclcnite  ana  th,e  plate 
of  fiberglass.  Also  used  were  charges  v;lth  the  aiditlcnai 
volume  connected  to  the  "pore"  [Cl].  The  combustion  was  pro- 

ducea  in  a bomb  2 Z in  volume,  the  pressure  in  which  was  created 
by  nitrogen.  The  control  valve  made  it  possible  to  obtain  the 
necessary  rate  of  the  change  in  pressure  in  the  bomb  during 
the  combustion  of  the  charge,  including  dp/dt=0  and  dp/dt<0. 

The  course  of  the  change  in  pressures  in  the  bomb  was  recorded 
with  a piezoelectric  pickup  and  recorded  on  an  osc illograplT . 
Sl.multaneously  through  the  plate  of  fiberglass  high-speed  filming 
was  produced.  It  was  established  that  with  the  combustion  of 
the  described  cnarge  without  the  supplementary  volume  with  a 
completely  enclosed  valve,  the  propagation  of  combustion  into  the 
"pore"  occurs  when  the  pressure  at  tne  moment  of  ignition  of  the 
charge  exceeds  25  atm.  With  an  Increase  in  p the  penetration 
into  the  pore  is  substantially  facilitated.  Table  5 gives  some 
characteristic  results  obtained  with  p=^5  atm. 

Here  is  the  intrinsic  volume  of  the  pore;  u^  - the  average 
rate  of  propagation  of  combustion  on  the  pore;  - rate  of  the 
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velocity  of  the  forced  Inflow  of  gases  Into  the  pore,  not  allowing 
for  spontaneous  Inflow,  calculated  from  the  formula: 


* 0 I £V^ 

' “ S M p T»’ 


Where  S Is  the  cross-sectional  area  of  the  Inlet  of  the  pore. 


Table  5*  Combustion  of  slotted  charge. 


dp/dt,  atn/s 
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40 
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1 
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30 

40 

55 

30 
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1 

1211 

S3 

30 

00 

1 

1.2 

1.2 

Hesult 

Combustion  penetrates  Into 
the  pore 

Combustion 

penetrate 

does  net 
Into  the  pore 

From  the  data  of  Table  5 It  Is  clear  that  the  combustion 
penetrates  Into  the  pore  not  only  with  dp/dt>0,  but  also  at  a 
truly  constant  and  even  falling  pressure.  Under  conditions  of 
falling  pressure  an  Increase  In  the  supplementary  volume  In 
contrast  to  the  effect  with  the  rising  pressure  leads  to  the 
difficulty  of  the  penetration  of  combustion  Into  the  pore. 

With  a certain  value  of  at  the  given  rate  of  pressure  decay 

the  combustion  Into  the  pore  was  not  at  all  spread.  This  para- 
doxical effect  of  the  supplementary  volume  (destabilization  of 
combustion  under  conditions  of  the  rising  pressure  and  stabiliza- 
tion under  conditions  of  the  falling  pressure)  is  explained  by 
the  fact  that  with  dp/dt<0  the  cold  gas  escapes  from  the  pore 
outside  and  impedes  the  penetration  of  gases  into  it  from 
without,  and  with  dp/dt  >>0  the  forced  gas  permeation  of  combustion 
into  the  pore  occurs.  Indicating  this  Is  data  according  to 
which  the  value  p - the  critical  pressure  of  the  disturbance  of 
normal  combustion  - best  of  all  correlates  not  with  dp/dt  or 
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Vo/CVo+V^on^ » yfith  the  rate  of  flow  of  gases  V^,  which 
considers  both  the  value  Vq/(Vq4-V^i^^)  and  dp/dt.  Under  conditions 
of  the  falling  pressure  the  normal  combustion  can  occur  at 
pressures  which  considerably  exceed  the  critical  pressure  deter- 
mined in  normal  conditions.  So,  we  observed  the  normal  combustion 
of  the  charge  described  above  with  with  Pq*65  atm 

and  dp/dt»12  atm/s.  The  experiments  on  the  combustion  of  the 
charge  with  the  pore  under  the  falling  pressure  showed  that  the 
disturbance  of  normal  combustion  can  occur  also  in  the  absence 
of  forced  penetration.  Under  these  conditions  the  gas  permeation 
is  caused  by  the  structure  of  the  zone  near  combustion  surface  and 
occurs  spontaneously.  With  combustion  under  the  falling  and 
truly  constant  pressure,  the  spontaneous  penetration  is  the  sole 
cause  capable  of  leading  to  the  disturbance  of  normal  combustion. 
The  heat  transfer  because  of  the  spontaneous  flowing  in  of  the 
gases  must  be  considered  also  with  the  combustion  under  a weakly 
rising  pressure. 

Let  us  still  give  several  facts  which  confirm  the  existence 
of  the  spontaneous  penetration  of  the  gases.  With  the  combustion 
of  the  charge  of  explosive  in  the  air  (i.e.,  at  a truly  constant 
pressure),  the  gases  of  combustion  flow  bach  only  j 'to  the  half- 
space above  the  charge's  surface.  The  divergent  gas  stream.  If 
one  moves  the  wall  or  the  second  burning  charge  toward  the 
burning  charge,  then  there  appears  the  interaction  of  the  gas 
stream  with  the  wall  or  with  the  gas  stream  from  the  second 
charge,  and  the  gases  begin  to  flow  into  the  clearance  between 
the  wall  and  the  charge  (between  the  two  charges,  see  Fig.  22). 

In  this  case  it  is  possible  to  obtain  not  only  the  flowing  in 
of  the  gases,  but  also  the  penetration  of  combustion  in  the 
clearance.  It  is  doubtful  tha  the  gas  permeation  appearing  here 
occurs  as  a result  of  the  collision  of  gas  streams  with  wall  or 
between  the  streams  themselves.  From  the  theory  of  the  streams 
It  Is  known  that  with  the  collision  of  the  two  streams,  directed 
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at  an  angle  to  each  other,  formed  again  are  two  streams  the  gas  in 
which  moves  to  the  opposite  sides  in  the  direction  of  the  bisector 
of  the  angle  of  convergence. 

Belyayev  and  his  colleagues  [10]  established  that  the  rounding 
of  the  edge  of  the  charge  turned  to  the  clearance  facilitates  the 
propagation  of  combustion  into  the  clearance.  The  explanation  on 
the  basic  of  the  stream  mecha.nism  was  given  to  this  result.  The 
experiments  shewed  that  by  changing  the  angle  of  the  surface  slope 
of  the  charge  for  the  wall  within  close  margins,  it  is  possible 
to  obtain  quiescent  combustion  of  the  charge  or  Intense  propagation 
of  Combustion  into  the  clearance.  An  analogous  effect  is  observed 
at  increasea  pressures:  a decrease  in  the  slope  angle  from  60° 

to  10°  led  to  an  Increase  in  p^  by  20-iJC*.  These  experiments 
made  it  possible  to  draw  the  conclusion  that  among  the  mechanisms 
of  spontaneous  gas  permeation,  one  of  the  basic  is  the  stream 
.mec.nanism.  Ey  the  action  of  the  stream  mechanism  it  is  possible 
to  explain  the  results  obtained  in  work  [109],  where  it  was 
established  tnat  with  the  combustion  of  the  charge  in  air  there 
is  a certain  dimension  of  the  clearance  with  which  the  combustion 
most  easily  penetrates  into  the  clearar.i:  between  the  wall  and 

the  charge. 

It  Is  necessary  to  emphasize  that  especially  favorable 
possibilities  for  spontaneous  penetration  are  created  with  the 
combustion  of  the  powder-like  charges  of  the  explosive:  due 

to  the  irregularity  of  the  front  of  combustion  there  are  always 
colliding  streams  of  hot  gases,  and  the  conditions  for  an  ejection 
from  the  surface  of  the  particles  of  the  explosives  are  facilitated. 

§ 16.  Criterion  for  Penetration 

The  criterion  for  the  spontaneous  destabilization  of  stable 
combustion  must  include  conditions  of  the  penetration  of  gaseous 
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Products  of  combustion  Into  pores  of  the  charge  and  Its  effect  on 
the  process  of  combustion.  It  must  be  expressed  as  the  relation- 
ships of  the  dimensionless  parameters,  which  describe  the  com- 
bustion of  the  porous  charge.  The  diameter  of  the  pore  d|!j  can 
form  the  dimensionless  parameter  in  the  form  of  the  ratio  to 
another  value  with  the  dimensionality  of  the  length,  which  charac- 
terizes the  process  of  combustion.  Such  values  are  the  widths  of 
the  characteristic  combustion  zones  I (there  can  be  several  such 
zones  Z^)  and  the  slgnlflcauit  dimension  of  the  grains  of  the 
substance  r^.  Furthermore,  entering  into  the  criterion  will  be 
dimensionless  numbers,  which  characterize  thf.  flow  of  gas  and 
heat  exchange  'Wusselt,  Prandtl,  Lewls-Lykov  numbers): 


Ir.  I'r,;  \u;  Lt:;  T,T;  Tr  To,  W). 


(i<3) 


Here  and  are  the  coefficients  of  thermal  conductivity  of 
the  condensed  and  gas  phases;  T^,  T'  - temperatures  (initial, 
of  the  combustion  and  the  surface  of  the  k-phase  with  combustion). 

In  the  case  of  the  narrow  zones  or  weak  effect  of  the  param- 
eter Z/r  for  this  substance  we  have: 

f'.T Z — = Au  with  / o.  ( Z4 3 ’ ) 

Actually  the  condition  Z/r-«-0  is  not  always  satisfied.  In 
the  case  of  small  sizes  of  particles  making  up  the  charge,  es- 
pecially with  r-l  substantially  facilitated  is  the  ignition  of 
walls  of  the  pores  analogous  to  how  the  presence  of  the  roughness 
of  the  optimum  dimensions  contributes  to  the  ignition  of  the 
surface  of  the  powder  grain  [70,  175 j.  As  a result  the  combusti<^n 
stability  of  the  charges  from  finely  divided  particles  under 
conditions  when  d'^/l>An  and  r~Z,  proves  to  be  decreased. 

If  for  the  group  of  substances  the  criterion  weakly  depends 
on  the  dimensionless  numbers  in  the  brackets  of  formula  (^43), 
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then  also  in  this  case  it  will  take  form  (^3').  An  analysis  of 
the  experimental  data  shows  that  usually  the  most  Important 
parameter  of  these  which  were  given  In  formula  (^3)  Is  the  ratio 
d^/i,  since  the  ranges  of  the  change  in  the  remaining  complexes  is 
considerably  more  narrow.  In  connection  with  this,  in  the  first 
approximation  the  criterion  of  the  disturbance  of  normal  com- 
bustion assumes  the  form  of  (^3')*  From  the  combustion  theory  it 
is  known  that  the  width  of  the  heating  zone  of  the  condensed  and 
smoke-gas  phases  and  Is  Z'X/puc.  The  width  of  the  zone 
of  chemical  reactlori  in  the  condensed  and  smoke-gas  phases  is 
proportional  to  the  width  of  heatl.ng  zone,  and  only  the  width 
of  the  zone  of  burning  out  can  diffex'  somewhat  from  this  value. 
Taking  into  account  the  observations  made,  we  define  concretely 
the  condition  (^3'): 


f u (In  {C.'f.)  g>  --  .\ll,  ( ^ •^ ) 

where  c/X  can  belong  either  to  the  condensed  or  gas  phase. 

Condition  (^A)  means  that  if  the  value  of  the  product  of  the 
mass  rate  of  combustion  pu  by  the  hydraulic  diameter  of  the 
pores  is  less  than  a certain  constant,  then  the  normal  burning 
is  stable,  but  if  the  Indicated  product  exceeds  the  critical  value 
<J> ' , the  combustion  penetrates  into  the  pores  of  the  charge. 

Since  the  ratio  of  heat  capacity  c to  the  coefficient  of  thermal 
conductivity  X of  the  explosive  changes  within  relatively  narrow 
li.mits,  criterion  is  approxl.mately  reduced  to  the  condition 

/■'<  T > v'  = (•■")'  4,.  ( ^ ’ ) 

An  analysis  showed  [90j  t.hat  both  t.ne  requirement  of  the 
formation  of  the  thoroughly  heated  layer  of  the  k-phase  in  the 
wall  of  the  pore  and  the  condition  of  its  ignition  or  pyrolysis 
are  determined  by  the  same  set  of  dimensionless  parameters  which 
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enter  Into  the  orlterlal  expression  (43).  With  the  derivation  of  | 

oondlcion  (44')  it  is  assumed  that  the  distinction  in  the  chemical  i 

kinetics  of  the  substances  is  completely  considered  by  the  rate  I 

of  combustion  pu  and  temperatures  T^and  T'.  This  assumption  is 
Justified,  since  Zeldovlch  showed  that  the  ignition  process, 
which  to  the  greatest  degree  is  affected  by  the  chemical  kinetics, 
can  be  described  approximately  by  values  pu  and  T'  [43].  Further-  ' 

more,  it  is  considered  that  the  process  does  not  depend  signifl-  ! 

cantly  on  the  parameter  p^/p^. 

The  stability  ciiterlon  of  the  combustion  of  porous  charges 
was  obtained  for  the  first  time  in  work  [89].  Later  [60]  it 
was  suggested  to  consider  in  criterion  (43)  Z to  be  the  width  ■ 

of  the  layer  of  fusion  for  fusible  and  the  width  of  the  zone  of 
heating  of  the  gas  for  Infusible  substances  and  take  the  stability 
condition  of  combustion  in  the  form  of  pd<_const  or  p ( 1-6  )<const . 

Examined  in  work  [11]  were  conditions  of  the  disturbance  of  the 
completeness  of  the  layer  of  fusion  on  the  surface  of  the  substances 
fusing  with  combustion.  Found  for  the  critical  rate  of  combustion 
u'  is  the  expression  of  the  form 

, 1C6j  i!<  — ;/)  »i 

Where  p and  p'  are  densities  of  the  parent  substance  and  fusion; 

X - thickness  of  the  layer  of  fusion;  u^  - rate  of  combustion  at 
1 atm;  6 - relative  charge  density.  At  low  densities  u'  usually 
corresponds  to  very  low  pressures. 

Analysis  of  experimental  data.  The  processing  of  experimental 
data  in  the  form  of  condition  (44')  made  it  possible  to  show 
[62,  90]  that  the  theory  in  the  first  approximation  correctly 
reflects  the  laws  governing  the  phenomenon,  and  value  ()>'  can 
be  considered  as  a sufficiently  representative  characterlst 1 of 
the  stability  of  the  combustion  of  porous  charges.  At  the  same 
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Table  6.  Critical  parameters  of  normal 
combustion  of  homogeneous  systems. 


Substance 

g/om’fl 

i m 

10  atn 

100  atn 

^10  atm 

1 

100  atm' 

i 

Trotyl 

13,2 

140J 

178 

1 

1 

Picric  acid 

12,81 

910 

13C 

1,5 

1.3 

Nitrocellulose 

0.8 

3.10 

100 

4,25 

1.8 

PETN 

11.1 

tio 

r,5 

2,0 

3.3 

Powder  "N"* 

120 

40  < 

11,7 

4.5 

Powder  "NE”* 

7.0 

— 

— 

— 

— 

Tetryl 

7.1 

2.15 

48 

0,0 

3.7 

Cyclcnite 

(i.O 

lfi.3 

21 

8,0 

8.7 

Octcgen 

0,5 

r.o 

24 

10 

7.5 

AL  ; 

3.7 

no 

20 

12,7 

8.9 

Mercury  fulminate 

11.4 

11.3 

4.3 

12 

41 

Ammatol  80/20 

1 

14,4 

— 

— 

— 

— 

•Translator's  note:  These  designations 

are  transliterations  from  the  Russian, 

Note.  The  dimension  of  the  pores  was 

calculated  from  formulas  (2),  (4) 
and  (5).  Data  of  Tables  6,  7,  and 
8 are  acquired  In  the  bomb  of  "con- 
stant pressure"  (with  the  filling  of 
the  pores  with  nitrogen). 


time  the  introduction  of  the  critical  value  (J>’  creates  the  basis 
for  the  subsequent  refinement  of  the  role  of  different  factors  which 
did  not  enter  directly  into  the  condition  (^3').  Table  6 gives 
the  average  values  of  the  critical  quantity  (J)'  for  a number  of 
individual  substances  and  homogeneous  mixtures.  The  secondary 
explosives,  initiating  explosives,  and  two  ballistic  powders 
are  entered  here.  The  table  is  compiled  according  to  published 
results  of  the  experiments.  As  a whole  it  covers  experimental 
data  on  charges  on  a relative  density  of  0.25  to  0.7  with  rela- 
tively large  sizes  of  the  particles  making  up  the  charge  from 
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50  to  730  um  (Including  the  polydisperse  charges  [62]).  Critical 
values  of  rates  of  combustion  lie  within  limits  of  0.33  to 
8 g/cm'^'s  and  pressure  from  units  to  750  atm.^ 

On  the  basis  of  experimental  data,  calculated  were  values 
of  dimensions  of  pores  d^l^,  the  excess  of  which  under  these  con- 
ditions (pressures  of  10  and  100  atm)  will  cause  the  disturbance 
of  normal  combustion.  This  characteristic  makes  it  possible  to 
evaluate  the  relative  tendency  of  different  substances  toward 
the  spontaneous  disturbance  of  normal  combustion.  Having  available 
substances  in  series  in  decreasing  values  of  d^  at  this  pressure 
(in  Table  6 at  10  and  100  atm),  we  find  that  (not  allowing  for  the 
amatol)  trotyl  and  picric  acid  bum  most  stably,  and  least  - mer- 
cury fulminate.  As  quantitative  characteristic  it  is  possible 
to  use  value  h of  ratio  d^2^/dj^2*  where  d^2  refers  to  this  sub- 
stance, and  d^j^  - to  trotyl  at  normal  temperature  and  the  same 
pressure.  Value  1/h  can  be  called  the  trotyl  stability  factor 
of  the  combustion  of  the  porous  charge  from  the  viewpoint  of 
the  critical  dimension  of  the  pores; 


r.w>| 


It  is  necessary  to  keep  in  mind  that  in  connection  with 
the  nonlinear  nature  of  the  dependence  of  the  rate  of  combustion 
on  pressure  for  some  explosives  the  row  according  to  the  stability 
level  of  combustion,  obtained  at  one  pressure,  cannot  coincide 
with  a row  at  another  pressure , which  is  evident  from  tht  data 
given  In  Table  6. 


^In  addition  to  the  data  collected  in  work  [90],  let  us  say  that 
for  mercury  fulminate  with  6=0.89  and  r=50  um  the  following  is 
found:  atm,  (pu)'=26.2  g/cm2-s,  i.e.,  (Ji’=11.4  mg/cm-s. 

Table  6 Is  refined  in  comparison  with  that  which  is  given  in  [90]. 
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Thus,  with  the  comparison  of  the  relative  combustion  stability 
of  explosives,  the  Indication  of  a pressure  range  Is  a necessary 
and  sometimes  also  decisive  fact. 

The  value  of  the  critical  quantity  (^'  , as  can  be  seen  from 
Table  6,  differs  somewhat  from  one  substance  to  the  next  and  lies 
within  limits  of  13.2  to  4.35  mg/cm* s.  The  average  value  for 
nltroesters  is  10.5±0.7,  and  for  nitro-compounds , 7.5±1  mg/cm* s. 
Without  diminishing  the  values  of  the  observed  distinctions,  one 
should  recognize  that  as  a whole  the  value  (}>•  lies  in  relatively 
narrow  limits.  It  is  doubtful  that  the  observed  distinction  re- 
flects the  effect  of  the  factors  not  considered  under  condition 
(44’),  including  the  defined  facts  of  the  experiments.  However, 
the  value  of  the  construction  of  a row  with  respect  to  the 
relative  combustion  stability  consists  of  the  possibility  of  a 
comparison  and  an  account  of  the  different  effects.  So,  with 
the  comparison  of  values  <{>'  for  the  powder-like  charges  and 
charges  with  an  artificial  slotted  pore,  which  has  a very  smooth 
surface,  in  the  latter  case  <{)'  proves  to  be  1.5-2  times  higher. 

At  the  same  time  charges  from  finely  divided  PETM  (r'-20  ym)  had 
less  than  the  average  for  coarsely-dispersed  particles  by  2 
times  [90].  The  indicated  facts  will  agree  with  the  aforementioned 
expected  effect  of  fine  particles  with  v-l. 

By  substituting  into  condition  (44*  ) the  average  value  of 
(J)’=8  mg/em’s  and  standard  value  (X/c)^=1.5'10~^  g/cm*s,  we 
obtain  the  value  of  the  constant  An=(c/X)^(fi’=6.  Calculation  of 
the  constant  according  to  the  condition  of  the  ignition  of  the 
wall  of  the  pore  in  the  form  of  (35)  with  V^=(pu)/P|_  gives  the 
value  of  approximately  1.5-2.  Thus,  the  theoretical  value  will 
reasonably  agree  with  the  experiment.  Let  us  note  that  the 
value  of- the  constant  on  the  order  of  2 corresponds  to  the 
smallest  value  <J) ' observed  in  the  experiment.  In  other  words, 
the  theory  gives  the  lowest  maximum  estimation,  whereas  in 
the  experiments  usually  the  combustion  is  more  stable. 


In  work  [171]  the  question  concerning  the  possible  connection 
between  An  and  the  combustion  temperature  of  the  substances 
is  discussed.  It  is  noted  that  trotyl,  in  which  the  highest  vslue 
of  <p’  among  the  secondary  explosives  is  observed,  has  a low  com- 
bustion temperature.  By  an  increase  in  the  combustion  temperature 
with  pressure,  in  work  [171]  the  behavior  of  the  potassium  picrate 
in  which  with  p»0.85  g/cm^  there  are  two  ranges  of  the  accelerated 
combustion  is  explained:  at  7-20  atm,  where  4>'=13»6  mg/cm* s,  and 

above  60  atm,  where  ♦’»7*7  mg/cm* s.  Analogously  i|)'  at  elevated 
pressures  in  pyroxylin  proves  to  be  2 times  higher  than  that  at 
atmospheric  pressure.  As  it  was  noted  above,  also,  in  works  [62, 
90],  the  effect  of  parameters  T^/Tq,  T^/T*  and  Pj/P^  with  the 
construction  of  condition  (^^’)  was  not  considered.  However,  it 
is  not  difficult  to  see  that  the  experimental  observations  will 
agree  with  the  expected  effect  of  pressure  through  the  complete- 
ness of  combustion  on  the  possibility  of  the  disturbance  of  the 
normal  mode. 


Let  us  make  the  additional  observation.  If  we  consider  that 
in  (4^1)  c and  X refer  to  the  gas  phase,  then  relation  (44)  is 
the  analog  of • the  P^clet  number  (pu  - rate  of  combustion).  After 
substituting  into  (44)  (X/c)=2*10“^  g/cm’s,  we  will  obtain  the 
critical  value  of  the  P^clet  number  Pe’=(pud) ' • (c/X )^=40-45 . 

In  general  the  combustion  stability  is  affected  by  the  condensed 
and  gas  phase.  If  we  consider,  as  this  was  done  above,  that  for 
the  group  of  substances  X^/X^=const,  then  it  Is  possible  to 
substitute  X^  and  X^  into  condition  (44). 

Let  us  turn  to  the  examination  of  data  on  heterogeneous 
systems.  The  estimation  of  critical  conditions  developed  above 
was  constructed  for  homcg-jneous  systems.  In  the  case  of 
heterogeneous  and  especially  polydisperse  mixtures  there  appear 
the  supplementary  characteristic  parameters  not  considered  in 
condition  (44').  Investigated  in  work  [62]  were  the  standard 
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heterogeneous  systems,  which  consist  of  the  mixture  of  combustible 
(saccharose,  urotropin)  and  oxidizers:  AP  and  potassium  perchlorate 

(PP)  [nXH].  The  latter,  unlike  AP,  is  not  able  to  Independent 
combustion.  The  selected  substances  essentially  differ  from  each 
other  in  physicochemical  characteristics,  in  particular,  in  terms 
of  the  fact  that  the  AP  and  urotropin  are  not  melted  with  com- 
bustion, whereas  PP  and  saccharose,  as  a rule,  are  melted  in  the 
surface  layer  of  the  condensed  phase  of  the  burning  mixture.  Re- 
sults of  experiments  are  given  in  Table  7. 


Table  7.  Limits  of  normal  combustion  of  mix- 
tures of  fuels  and  oxidizers. 


Components 

Coapo- 

Selght 

1 

‘ i 

I 

i 

! 

.-'.um'  .v.  j 
“ atm  [g/cr.2-5 

ng/cn-  s 

AT  (too-icopm^  — 
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Results  of  the  investigation  of  the  mixture  of  AP  and 
cyclonlte  are  given  in  Table  8.  Both  components  of  this  mixture 
are  capable  of  Independent  combustion  and  have  differing  values 
of  the  critical  quantity. 

An  analysis  of  the  effect  of  the  composition  of  the  mixture 
on  the  stability  of  its  combustion  (see  Tables  7 and  8)  made  it 
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Table  8.  Limits  of  normal  combustion  of  the 
mixtures  of  AP  with  cyclonite. 
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Note.  Particle  sizes  of  both  components  is 
equal  to  160-250  ym. 


possible  to  establish  that  the  addition  to  ammonium  perchlorate 
both  by  the  fusible  saccharose  and  the  infusible  urotropln  (up 
to  30-35  % by  weight)  leads  to  a very  weak  change  in  the  critical 
value  of  quantity  (}>'  characteristic  for  pure  AP.  Analogously  it 
can  be  concluded  that  both  the  composition  and  properties  of  the 
fuel  weakly  affect  4>'  of  mixtures  with  potassium  perchlorate  as 
a base.  Data  of  Table  7 show  that  the  mixtures  of  PP  with 
saccharose  and  ui’otropln  have  4>*=9-10  mg/cm*s,  close  to  the  same 
for  the  standard  secondary  explosives  [90].  The  critical  value 
4)'  of  the  mixture  of  AP  with  saccharose  has  a tendency  toward  an 
Increase  with  an  Increase  in  the  content  of  the  combustible, 
and  for  the  mixture  with  urotropin  it  passes  through  the  maximum 
and  further  is  somewhat  decreased. 

A change  in  the  particle  sizes  of  the  components  did  not 
affect  values  of  4>’.  Thus,  experiments  with  the  mixture  of  AP  and 
saccharose  of  the  composition  80:20  with  reduced  particle  sizes 
(r=50-63  ym,  6=0.557,  d’=30  ym)  led  to  4)’=3*96  mg/cm-s,  p =23  atm. 
Up '=1.28  g/cm^’s),  which  coincides  with  the  value  of  4>'  for  a 
mixture  with  particle  sizes  of  100-160  ym. 

The  study  of  the  combustion  of  the  mixture  of  AP  and  cyclonite 
(see  Table  8)  was  conducted  over  a wide  range  of  relationships 
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of  components.  It  was  found  that  the  critical  value  of  4)'  is  not 
the  additive  function  of  the  composition  but  is  determined  by 
that  component  the  volumetric  content  of  which  is  more  in  the 
mixture . 

It  is  important  that  with  a composition  change,  for  example, 
the  mixture  of  AP-saccharose , there  occurs,  in  particular,  a very 
powerful  change  in  the  calculated  temperature  of  the  combustion 
products  (for  the  mixture  of  the  composition  80:20  in  comparison 
with  100:0,  2 times).  Nevertheless,  this  did  not  affect  the 
value  4 ' . 

In  work  [90]  it  was  shown  that  critical  value  4'  of  such 
low-melting  substances  as  trotyl  and  picric  acid  does  not  substan- 
tially differ  from  4’  of  the  infusible  nitrocellulose  (13  and 
10  mg/cm* s respectively).  From  Table  7 and  8 it  follows  that  the 
ability  of  the  combustible  to  melt  is  not  the  decisive  factor  which 
determines  the  combustion  stability  and  the  possibility  of  its 
penetration  in  the  large  pores  of  the  charge,  l.e.,  under  con- 
ditions when  on  burning  surface  the  continuous  molten  layer  is 
absent . 

In  Andreyev's  works  [68,  172]  it  was  Indicated  that  the 
addition  to  ammonium  perchlorate  of  a small  quantity  of  finely 
dispersed  aluminum  facilitates  the  transition  of  the  combustion 
of  the  mixture  with  the  rising  pressure  into  an  explosion.  The 
experiments  showed  that  the  critical  value  4'  (for  conditions  of 
combustion  at  a constant  pressure)  of  the  mixture  of  AP  and  aluminum 
(r~25  urn)  is  not  below  and  even  exceeds  the  value  4’  for  pure 
AP.  Thus,  the  introduction  of  aluminum  raises  the  combustion  sta- 
bility of  the  considered  mixture  in  comparison  with  pure  AP  in 
conditions  of  the  test  work  under  a constant  pressure.  At  the 
same  time  in  the  conducting  of  the  experiments  with  this  mix- 
ture, in  conditions  of  combustion  under  a rising  pressure,  rhe 
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introduction  of  aluminum  facilitated  the  transition  of  combustion 
beyond  the  stability  limit  into  an  explosion.  Similar  data  are 
found  in  work  [171]  in  the  investigation  of  the  effect  of  the 
dispersity  of  aluminum.  Here  it  was  established  that  for  the 
mixture  of  large  AP  with  5?  A1  (r~l^l  ym)  An’ =20,  and  the  mixture 
of  fine  AP  with  powder  (r~l  ym)  had  An*=1.6.  For  the  mixture  of 
large  AP  with  1Q%  carbon  black  An’ =2. 5,  and  for  the  mixture  with 
coke  (r-150-250  ym)  An’ =3^*  Thus,  some  heterogeneous  systems, 
which  include  components  incapable  of  Independent  combustion, 
require  a fuller  account  of  the  factors  which  affect  the  process 
of  combustion  than  in  the  form  of  condition  (44).  As  regards  the 
mixtures  of  oxidizers  with  organic  fuels  and  also  mixtures  of 
substances  capable  of  Independent  combustion,  the  stability  of 
their  combustion  is  described  by  condition  (44)  in  a sufficient 
measure.  It  should  be  noted  that  as  the  experiments  on  mixtures 
of  AP  with  aluminum  powder  show,  the  same  factor  can  simul- 
taneously increase  the  critical  value  of  quantity  (}>’  and  contri- 
bute to  the  intensification  of  the  convective  combustion  of  the 
charge  beyond  the  stability  limit. 

Deviation  from  the  criterion  is  observed  also  with  the  com- 
bustion of  powder-like  charges  from  fine  particles  (r'-15  ym). 

In  accordance  with  data  of  Lobanov  for  substances  of  10^  polystyrene 
+90%  AP,  2%  Cu20+98%  AP,  pure  AP  and  PETN,  value  0’  is  0.45,  0.4, 

1.5  and  3 mg/cm* s,  respectively. 

An  analysis  showed  [62]  that  best  results  are  obtained  when 
using  the  value  of  the  diameter  of  the  pores  according  to  results 
of  the  experimental  determination  of  the  Eras  permeability  of  the 
charges.  The  conclusion  was  made  about  the  determining  role  in 
the  process  of  the  spontaneous  disturbance  of  normal  combustible 
of  porous  systems  of  pores  with  a medium  size,  which  in  the  charge 
are  the  greatest  number. 
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In  the  conclusion  of  this  section  It  Is  possible  to  recommend 
for  new  systeius  refining  the  value  of  the  number  An'  or  ' at 
least  at  one  point,  since  condition  (44)  Is  satisfied  for  one 
system  more  precisely  than  for  the  entire  totality  of  the 
substances . ' 
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CHAPTER  IV 


COMBUSTION  OF  SYSTEMS  WITH  UNCONNECTED 
PORES 

In  this  section  v;e  examine  the  combustion  of  systems,  which 
contain  closed  pores  which  are  not  connected  ’with  each  other; 
where  the  system  as  a whole  is  gas-impermeable.  The  shape  of  the 
pores  can  be  diverse:  from  individual  pores  or  pores  distributed 
over  the  volume  in  the  form  of  spheres  to  extended  cylindical 
and  plane  pores  (cracks). 

The  causes  of  the  for.mation  of  the  pores  are  exceptionally 
diverse  in  their  nature.  Let  us  note  only  some  of  them. 


Unconnected  pores  form  in  powders  and  explosives  during 
manufacture  (bubble  technological  porosity,  craters),  and  also  in 
the  process  of  exploitation:  duri.ng  ^.torage  or  combustion  (cracks, 

porosity).  A significant  effect  on  the  form.ation  of  pores  is 
exerted  by  tne  pnysico-mechanical  properties  of  the  system. 
According  to  American  researchers  [12A],  especially  inclined  toward 
the  formation  of  those  types  of  pores  are  mixed  pow’ders , which  are 
a heterogeneous  mixture,  containing  in  its  composition  components 
with  highly  diverse  properties;  elastic  combustible-binder, 
crystalline  oxidizer  (ammionium.  perchlorate)  and  metallic  additives. 
Durinm  the  combustion  of  a charge  of  the  cha:.nel  type  firmly 
fastened  to  the  engine  housing,  as  a result  of  the  effect  of  the 
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powder  gases  elongation  of  the  powder  occurs,  which  leads  to  the 
disruption  of  the  adhesive  bonds  between  the  fuel  and  the  oxidizer. 
Around  the  filler  particles  separations  (hollows)  form.  The 
separation  of  the  binder  from  the  oxidizer  is  the  basic  physical 
process,  which  determines  the  pore  formation  process  [124].  The 
indicated  process  occurs  not  only  under  the  effect  of  mechanical, 

but  also  under  thermal  stresses.  Since  the  coefficient  of  linear 

— 4 

expansion  of  the  powder  mixture  ('^<10  1/deg)  exceeds  the  corre- 
sponding values  for  steel  by  an  order  of  magnitude,  during  cooling 
in  the  charge-steel  housing  system  temperature  tensile  stresses 
arise.  The  coefficients  of  linear  expansion  of  the  components  of 
the  powder  itself  are  also  quite  different,  the  result  of  which  is 
the  formation  at  low  temperatures  of  "frozen"  porosity  [160].  The 
stress  concentration  at  the  sites  of  the  separations  and  the 
disruption  of  the  binder  under  specific  conditions  leads  to  the 
Joining  of  the  pores  and  crack  formation. 


: ores  and  cracks  can  also  form  during  the  ignition  of  the 
charge  as  a result  of  the  effect  of  great  pressure  and  temperature 
gradients  . 


It  is  natural  that  the  penetration  of  combustion  into 
unconnected  pores  is  a considerably  lesser  danger,  than  in  the  case 
of  gas-permeable  systems.  At  the  same  time  the  presence  in  a 
specimen  of  pores  causes  deformation  of  the  combustion  front,  an 
increase  in  the  turning  surface,  and  consequently,  a pressure  rise 
in  the  engine. 


It  is  known  that  steady  pressure  in  an  engine  is  defined  by 
the  formula  of  the  5ori  [Translator's  Ilote.  Name  Bori  not  found]: 


(l-v) 


(45) 


■where  is  the  burning  surface;  A Is  the  exhaust  coefficient;  a 
is  the  cross-sectional  area  of  the  nozzle;  p is  the  density  of 
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powder  b and  v are  constants  In  the  burning  rate  law  u=bp'^. 

From  (45)  it  is  not  difficult  to  see  that  a change  in  the 
burning  surface  can  lead  to  an  essential  increase  in  the  pressure 
in  the  engine  (especially  at  high  values  of  v),  which  exceeds  the 
maximum  allowed  value.  Consequently,  the  engine  can  be  destroyed 
as  a result  of  activation  due  to  the  presence  of  pores  of  the 
limited  (supplementary)  burning  surface  AS. 

If  v<l,  then  after  an  Increase  In  the  burning  surface  from 
Sq  to  S=Sq+AS  gas-dynamic  equilibrium  will  again  be  stabilized 
at  the  pressure 

Since  p=P|^+Ap,  S=Sq+AS,  then  from  (45'),  utilizing  the  expansion 

of  value  (S/Sq  ) ^ into  a series  and  being  limited  by  the  first 

two  terms,  v;e  obtain  the  expression 

_ _J ^ 

p<t  1 — V .i  o ’ 

which  makes  it  possible  with  sufficient  accuracy  for  practical 
purpose  to  calculate  the  relative  Increase  in  pressure. 

If  the  surface  of  the  pores  is  defined,  then  in  calculating 
Ap/Pq  we  usually  employ  simple  geometric  considerations  and 
assume  that  the  rate  of  combustion  in  a pore  does  not  differ  from 
the  combustion  outside  it.  When  necessary  it  is  possible  to  take 
into  account  the  Increase  in  the  gas  Inflow  from  the  pore  surface, 
connected  (the  Increase)  with  the  emergence  in  the  pore  of  excess 
pressure  (see  § 22).  This  approach  to  determining  Ap/p^^  is 
legitimate  in  the  case,  when  the  possibility  of  the  growth  (Increase 
in  the  initial  depth)  of  pores  in  the  process  of  combustion  is 
excluded.  The  problem,  of  pore  growth  during  com.bustion  is 
examiined  in  § 22. 


Thus,  to  ensure  the  normal  operation  of  an  engine  the  reduction 
In  superscript  v In  the  burning  rate  law  and  also  the  Improvement 
in  the  physico-mechanical  properties  of  the  powder  and  the  correct 
design  of  the  engine,  which  makes  It  possible  to  exclude  pore 
formation,  at  all  stages  of  the  "life”  of  the  charge  have  great 
significance. 

§ 17.  Critical  Conditions  of  the 
Penetration  of  Combustion  into  a 
Single  Pore 

Above  In  (§  15)  we  evaluated  the  critical  dimensions  of  a 
pore  Into  which  the  penetration  of  combustion  is  possible,  utilizing 
for  this  purpose  the  data  on  the  disruption  of  the  stability  of 
the  combustion  of  gas-permeable  porous  systems.  However,  the 
combustion  of  closed  pores  is  characterized  by  a number  of  specific 
features  which  must  be  considered  in  examining  the  critical 
conditions  of  penetration.  The  compression  of  the  gas  in  the  closed 
(dead)  end  of  the  pore  stabilizes  the  flow  of  the  products  and 
Impedes  the  penetration  of  combustion.  On  the  other  hand,  favorable 
conditions  are  created  for  the  inflow  of  gas  by  a spontaneous 
mechanism,  since  the  periodic  destruction  of  recesses,  which 
generate  combustion  products  in  a pore,  characteristic  for  com- 
pressed systems  is  absent. 

The  authors  carried  out  direct  experiments.  Plane  slotted 
cnarges  (Fig.  37)  were  employed  whose  combustion  was  carried  out 
in  a bomb  manometer.  The  pressure  in  the  volume  of  the  bomb  p(t) 
was  recorded  and  photographing  of  the  penetration  process  was  also 
carried  out.  The  critical  pressure  was  determined,  at  which 
combustion  penetrated  into  a port  with  a width  of  d^.  The 
experiments  were  mainly  conducted  with  charges  of  the  37a  type 
(the  pore  v;as  formed  by  explosive  plates  and  plexiglass)^. 

^It  was  shown  that  the  value  of  p^  does  not  change  during  the 

combustion  of  pores  of  the  37b  type  (the  pore  was  formed  by  two 
explosive  plates). 
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Figure  37.  Diagrams  of  slotted  charges  being 
employed  a)  is  a blind  pore,  formed  by  a plate 
of  continuous  explosive  and  plexiglass,  b) 
is  a blind  pore,  formed  by  two  plates  of 
continuous  explosives:  1 - explosives;  2 - 
pore;  3 - shell  of  plexiglass.  d„  - the  width; 
L - the  depth  of  the  pore;  the  arrow  indicates 
the  direction  of  photographing. 


Y b)  results  of  the  experiments  for 

nitroglycerin  powder,  a mixed  powder  of  two 
brands  and  cyclcnite  are  represented  in  Fig.  38.  It  is  evident 
that  the  most  stable  is  the  combustion  of  the  powerful  explosive  - 
cyclonite  and  the  least  - mixed  povjders  (nitroglycerin  powder 

occupies  an  intermediate 

, - position).  The  combustion 

! stability  of  mixed  pui/ders 


Figure  38.  Dependence  of  crit- 
ical pressure  on  pore  width . 1 - 
cyclonite;  2 - nitroglycerin 
powder;  3 - mixed  composition 
which  is  slow-burning;  4 - mixed 
com.position  which  burns  rapidly. 
[aT'-^  = atm;  .'h  = y]. 


decreases  with  an  increase  in 
the  combustion  rate,  which 
directly  follows  from  a 
comparison  of  the  data  for 
slowly  burning  3 and  rapidly 
burning  4 compositions.  Thus, 
in  co*mparing  the  combustion 
stability  of  explosives  or  of 
po'wders  of  one  class  in  a 
narrow  range  of  variation  in 
the  pressure  the  rate  of 
combustion  has  vital  importance. 


As  a ’Whole  the  findings  will  agree  with  those  which  were 
presented  in  § I6  both  in  a numerical  regard  and  from  the  view- 
point of  comparative  stability. 


The  lo’w  combustion  stability  of  mixed  powders  in  comparison 
v;lth  nitroglycerine  po'wders  is  due  to  the  differences  in  the 
temperature  profile  in  the  gaseous  phase.  It  was  noted  [8I,  83, 


163] » that  the  distance  from  burning  surface  to  the  high-temperature 
gaseous  zone  h^^  for  mixed  powders  Is  an  order  less  than  for 
nitroglycerine  powders  (when  PqI^O  atm.  the  values  of  h^^  are 
respectively  2 and  0.1-0. 2 mm).  The  pressures  also  significantly 
differ  at  which  completeness  of  combustion  Is  attained  (respectively 
10-20  and  40-50  atm.).  All  this  leads  to  the  fact  that  the 
temperature  of  the  gas,  which  is  flowing  into  the  pores  of  a 
mixed  powder,  even  at  low  pressures,  is  higher  than  in  the  case 
of  nitroglycerin  powder.  This  was  confirmed  by  direct  measurements 
of  the  temperature  in  the  pores  [12,  59].  The  indicated  difference 
is  also  exhibited  in  the  nature  of  the  ignition  of  the  pores  after 
penetration  (§  22). 

For  mixed  powders  two  sections  are  observed  on  the  curve 
p^Cd^):  strong  dependence  in  the  region  of  small  gaps  and 

attenuation  with  the  large  d^. 

From  the  conditions  of  ignition  examined  in  § 14  [see  (38)] 
it  follows  that  it  is  possible  to  expect  a dependence  of  the  type 

— CDiisi.  (46) 

A comparison  of  the  calculations  with  the  experiment  shows 
that  at  low  values  of  d^  satisfactory  agreement  is  observed:  the 

slope  of  the  curves  corresponds  that  which  is  expected  from  theory 
and  is  equal  to  -2/(l+2v).  For  the  Investigated  powders  (with 
V-O.5)  the  relation  of  the  critical  pressure  and  dimensions  of  a 
pore  is  hyperbolic  [12]  p^*dQ=const.  It  is  Interesting  that  in 
the  case  of  cyclor.'' te  (v=l)  in  accordance  xvlth  (46)  dependence 
p (dp)  is  weaker  than  for  the  powders.  The  absence  of  the  agree- 
ment of  the  calculations  with  the  experiments  at  high  values  of 
d^  (section  of  weak  dependence  p^(d^))  is  connected,  apparently, 
with  the  need  for  taking  into  account  the  dependence  of  Nusselt 
number  on  the  velocity  of  the  gas  flowing  in  (Nun^Re  ). 
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; Also  Studied  was  the  effect  of  the  surface  roughness  of  the 

pore.  Experiments  were  conducted  with  cyclonlte  plates  to  which 
different  degrees  of  roughness  had  been  Imparted.  It  was  shown 
that  in  accordance  with  the  calculations  the  presence  of  roughness 
reduces  stability:  with  an  average  gap  width  ^^=^0  u and  dimensions 

of  roughness  of  'v-lO  u the  critical  pressure  is  reduced  from  35  to 
20  atm.  Variation  in  the  roughness  dimensions  had  a weak  effect  on 
the  magnitude  of  critical  pressure.  The  effect  of  pore  roughness 
reduces  to  the  fact  that  the  projections  are  heated  faster,  and 
to  a higher  temperature,  than  a smooth  surface,  and  are  centers  of 
ignition. 

§ 18.  Combustion  of  Systems  with 
Bubble  Porosity 

Belyayev  in  his  work  [59]  studied  the  combustion  of  powder 
specimens,  which  contained  pores  in  the  form  of  bubbles  (spheres) 
0.1-0. 5 mm  in  diameter  uniformly  distributed  over  the  volume. 
Specimens  with  different  porosity  were  obtained  by  varying  the 
manufacturing  technology.  The  combustion  of  cylindrical  charges 
with  diameters  of  10  mm  and  with  heights  of  H=15-20  mm,  jacketed 
on  the  lateral  surfaces,  was  carried  out  in  a HP  [BH  - High 
Pressure]  instrument.  From  burn-up  time  t and  the  height  of  the 

specimen  H the  linear  burning  rate  u=H/t  was  computed.  The  mass 

rate  of  mbustlon  was  calculated  as  the  product  of  the  linear 
velocity  and  density.  In  this  case  u^=up  is  the  quantity  of 

substance,  which  burns  in  a unit  of  time  from  a unit  area  of  the 

cross  section  of  the  specimen  (neglecting  the  relief  of  surface). 

The  results  of  the  measurements  are  represented  in  Fig.  39; 
along  tl'.e  abscissa  axis  is  plotted  the  density  p and  the  porosity 
m of  the  specimen,  along  the  ordinate  axis  - the  linear  u and 
mass  u^  combustion  rate.  Experiments  are  tarried  out  at  pressures 
from  atmospheric  to  42  atm. 
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As  follows  from  the  findings,  at  a pressure  equal  to  atmos- 
pheric, the  mass  combustion  rate  does  not  depend  on  density.  At 
elevated  pressures  in  proportion  to  the  Increase  in  porosity  both 
the  linear  and  the  mass  combustion  rate  Increases,  and  more  sharply, 
the  higher  Is  the  pressure. 

The  processing  of  the  findings  in  coordinates  Ig  u-lg  p 
(Fig.  39b)  showed  that  the  presence  in  a charge  of  closed  pores 
leads  to  a variation  in  the  combustion  law  u=bp'^.  The  conventional 
combustion  rate  b when  p=l  atm(abs)  does  not  in  practice  depend 
on  porosity,  but  exponent  v Increases  with  an  increase  in  porosity. 

The  photographic  observations  of  the  combustion  of  individual 
closed  pores,  made  by  Chuyko,  showed  that  in  accordance  with  the 
data  of  Fig.  39  at  low  pressures  the  Internal  surface  of  pores  is 
Ignited  with  great  lag  in  time,  and  the  distortion  of  the  combus- 
tion front  Is  Insignificant.  Combustion  seemingly  does  not  sense 
the  presence  of  pores.  In  proportion  to  the  increase  in  pressure 
the  lag  in  ignition  is  decreased  and  surface  distortion  increases 
(Fig.  40). 

tn 
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Figure  39.  The  effect  of  closed  (bubble)  porosity  and  pressure  on 
linear  u and  mass  u combustion  rate . a)  1-1  atm.;  2-10  atm.; 

3-2?  atm.;  4-42  atm.;  the  unbroken  curves  are  u;  the  broken 
curves  are  u^.  b)  1 - m=0,  v=0.45;  2 - m=0.05,  v=0.51;  3 - m= 

=0.10,  v=0.57;  4 - m=0.125,  v=0.6. 
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Figure  ^0.  Motion-picture 
frames  of  the  Ignition  of 
a spherical  pore  (d»4  nun, 
p»50  atm. ) . 

Pressure  equalization 
In  a spherical  pore  upon 
the  approach  to  it  of  the 
combustion  front  occurs 
extremely  rapidly  and, 
consequently,  the  supply 
of  heat,  introduced  by  the 
combustion  products,  is  Insignlficaint . The  fact,  that  the  pore 
Is  nevertheless  ignited,  indicates  the  significant  role  of  the 
heat  supply  from  the  combustion  zone. 

A decrease  in  the  lag  In  the  ignition  of  a pore  with  an 
increase  in  pressure  makes  it  possible  to  explain  the  increase 
in  the  effect  of  porosity  at  high  pressures  established  in  the 
experiment  (see  Fig.  39). 

A somewhat  different  explanation  [593  for  the  findings  (see 
Fig.  39)  can  be  given,  if  we  examine  a simplified  setup  of  the 
combustion  of  a porous  charge  (Fig.  41)  and  assume  that  all  the 
heat  is  liberated  in  the  narrow  zone  of  the  gaseous  phase  and  is 
transmitted  to  the  condensed  phase  by  thermal  conductivity. 
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^±gure  4l.  Diagram  of  the  combustion  of  a system  with  closed 
porosity  at  various  pressures.  The  broken  line  indicates  the 
position  of  the  reaction  zone  relative  to  the  surface  at  various 
pressures  p^<P2<P2* 


For  the  case  of  a driving  reaction  in  the  gaseous  phase  the 
quantity  of  burning  substance  per  unit  of  surface  of  the  flame 
front  at  a given  pressure  is  a specific  quantity.  During  a steady 
combustion  mode  a quantity  of  intermediate  products  goes  from  the 
condensed  phase  into  the  gaseous  phase,  which  the  flame  at  a given 
surface  can  "process”  regardless  of  what  the  density  of  the  original 
substance  is.  The  "self  regulation"  of  the  supply  of  a necessary 
quantity  of  intermediate  products  is  accomplished  by  varying  the 
distance  from  the  reaction  zone  of  the  gaseous  products  to  the  sur- 
face of  the  substance  and  by  a corresponding  variation  in  heat 
flux . 


At  low  pressures  the  reaction  zone  is  located  far  from  the 
charge  surface;  the  combustion  front  in  the  gaseous  phase  is 
undistorted  and  plane  (position  1 in  Fig.  ^1);  thus  the  mass 
combustion  rate  Is  determined  only  by  pressure,  and  not  the  density 
of  the  original  substance.  The  linear  burning  rate  is  inversely 
proportional  to  the  density;  it  is  obvious  that  in  order  to  ensure 
the  necessary  influx  of  intermediate  products,  the  flame  must 
be  brought  somewhat  closer  to  the  surface  of  the  porous  specimen 
as  compared  with  a nonporous  one.  This  is  one  limiting  case. 

In  another  llm.ltlng  case  (at  rather  high  pressures)  the 
distance  from  the  reaction  zone  in  the  gaseous  phase  to  the  charge 
surface  becomes  much  less  than  the  dimensions  of  the  pores;  the 
surface  of  the  flame  com.pletely  repeats  the  relief  of  the  charge 
surface  (position  3 in  Fig.  ^1).  The  mass  combustion  rate  of  a 
porous  charge  (since  it  Iz  calculated  for  the  cross  section  of  the 
specimen)  is  as  many  times  higher  than  mass  combustion  rate  of  a 
nonporous  charge,  as  the  surface  of  porous  charge  is  greater  than 
the  cross  section.  The  latter  relation  with  an  idealized 
arrangement  of  pores  of  identical  diameter  at  the  points  of  a 
cubic  lattice  is  equal  to  1+^ Comparison  with  the  experiment 
(see  Fig.  39)  shows  that  this  limiting  case  at  maximum  {^2  atm.) 
pressure  is  still  not  realized. 
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Between  these  limiting  cases  lies  the  range  of  intermediate 
pressures,  in  which  with  an  increase  in  pressure  the  flame  front 
(position  2 in  Pig.  ^1),  approaching  the  surface  of  the  condensed 
phase,  varies  from  a plane  front  to  a maximally  distorted  front. 

The  position  of  the  boundaries  of  this  region  depends  on  the 
dimensions  of  the  pores;  more  precisely  on  the  relationship  of  the 
dimensions  of  the  pores  2ind  the  distance  from  the  surface  to  the 
reaction  zone  in  the  gaseous  phase.  In  this  range  of  pressures 
during  the  combustion  of  a system  with  closed  pores  on  the  usual 
"chemical"  increase  in  combustion  rate  with  pressure  (due  to  the 
increase  in  the  reaction  rate  in  the  flame)  a "geometric"  increase 
(due  to  the  Increase  in  the  curvature  of  the  flame  in  proportion 
to  the  Increase  in  pressure)  is  superimposed,  which  also  leads 
to  an  increase  in  the  exponent  in  the  combustion  law  u=bp'^ . 

In  the  general  case  the  dependence  of  the  mass  combustion  rate 
on  pressure  during  the  combustion  of  a system  with  closed  pores 
should  take  the  form,  schematically  shown  in  Fig.  ^2.  For  clarity 

the  dependence  for  a continuous 
system  is  taken  to  be  identical 
in  the  entire  range  of  pres- 
sure variation  u=bp'^ , v= 

=const.  The  position  of  the 
boundaries  between  the  regions 
depends  on  the  physicochemical 
properties,  the  mechanical 
characteristics  of  the  system 
and  the  dimensions  of  the 
pores . 

Regions  I,  II,  III  correspond  to  positions  1,  2,  3 in  Fig.  4l. 
In  region  III  the  ignition  of  the  pores  occurs  so  rapidly,  that 
the  combustion  rate  of  the  specimen  is  determined  only  by  the 
burnup  of  the  partitions  between  the  pores.  Therefore,  the  value 
of  V for  a porous  and  continuous  specimen  is  identical.  The 


Figure  42.  Schematic  representa- 
tion of  the  dependence  of  com- 
bustion rate  on  pressure  for  a 
system  with  closed  porosity.  The 
upper  curve  corresponds  to  m>0, 
the  lower  to  m=0. 
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separation  of  the  pores  by  gas-impermeable  partitions  Impedes 
the  penetration  of  combustion  into  the  volume  of  the  specimen. 
However,  the  noted  stabilization  of  the  process  is  accomplished 
up  to  a specific  pressure. 

At  high  external  pressures  mechanical  destruction  of  the 
partitions  occurs,  the  pores  are  connected  and  combustion 
penetrates  into  the  volume,  which  is  accompanied  by  a sharp 
Increase  in  the  combustion  rate  of  the  charge  (region  IV). 

In  this  connection  it  is  necessary  to  note  that  the  effect 
of  the  destruction  of  the  partitions  upon  the  approach  of  the 
combustion  front  to  a pore  is  observed  even  at  comparatively  low 
pressures  ('^'40  atm,).  However,  the  thickness  of  the  destroyed  arch 
in  this  case  is  small  and  depending  on  the  physicomechanlcal 
properties  of  the  system,  it  is  approximately  0.  1-0.2  the 
diameter  of  a pore. 

We  exami.ned  the  case  of  the  combustion  of  a system  with 
closed  pores  of  technological  origin.  The  combustion  of  deformed 
specimens  reduces  to  this  case,  m.'  'as  noted,  during  the  tensioning 
of  mixed  powders  as  a result  of  the  breakdovm  of  the  adhesive 
bonds  proceeds  separation  of  the  fuel-binder  from  the  ammonium 
percnlorate  crystals.  Separation  begins  first  of  all  on  the  large 
crystals.  Thus,  in  the  tensioned  specimens  closed  pores  are 
formed  which  lead  to  an  increase  in  combustion  rate.  According  to 
[124],  in  contemporary  powders  it  was  possible  to  avoid  localiza- 
tion of  damages:  the  separation  of  the  binder  from  the  oxidizer 

has  a uniform  nature,  vmich  one  can  see  v;ell  from  the  photograph 
in  Fig.  43.  The  connection  between  porosity  and  the  greater  of  the 
main  normal  deformations  e takes  the  form: 

m = E (i  — 2u')  — |i'e*  (t  — e) 

(u’^  - Poisson’s  ratio). 
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Figure  43.  Formation  of  pores  during  ten- 
sioning of  a mixed  powder.  Deformation 
C“50%;  the  arrow  shows  the  direction  of  the 
tensioning;  the  dark  regions  Indicate  the 
formation  of  hollows  around  the  oxidizer 
particles,  which  are  white  in  color. 


In  Sorkin’s  book  [94]  the  following 
expression  is  given  for  the  dependence 


of  combustion  rate  on  deformation: 


lit  = Mo(l  + l^’Of 


(47) 


where  C and  n are  the  numerical  coefficients,  which  depend  on 
propellant  composition. 

Consequently,  the  combustion  rate  of  a powder  in  the  general 
case  depends  not  only  on  pressure,  initial  temperature,  the  rave 
of  gas  flow,  but  also  on  deformation,  which  is  considered  when 
carrying  out  Intraballlstic  calculation  of  an  engine  with  the 
charge,  solidly  fastened  with  the  housing. 

What  has  been  presented  above  corresponded  to  the  conditions, 
when  combustion  was  not  the  direct  cause  for  the  formation  of 
pores  (cracks)  and  the  role  of  combustion  reduced  only  to  the 
"development"  of  already  existing  structural  defects. 

§ 19.  Concerning  Thermal  Shock 
During  Combustion 

During  the  combustion  of  continuous  brittle  systems  and 
primarily  of  crystalline  explosives  crack  formation  can  occur 
in  the  process  of  combustion  under  the  effect  of  thermal  shock  - 
the  thermal  stresses,  which  appear  in  the  heated  layer  of  the 
explosive  [38].  The  magnitude  of  stress  is  increased  with  an 
increase  in  the  temperature  gradient  and,  consequently,  of 
combustion  rate. 


The  splitting  of  the  single  crystals  of  the  Initiating 
explosives  during  combustion  was  experimentally  observed  by  Bowden 
with  coll.  [88].  Whittaker  and  Barham  [96]  detected  an  analogous 
effect  for  single  crystals  of  ammonium  perchlorate,  which  ignited 
and  burnt  at  a pressure  of  42  atm. 

This  question  was  theoretically  investigated  in  work  [174] 
the  authors  of  which  connect  the  sharp  Increase  in  the  combustion 
rate  (v>l)  of  the  specimens  of  ammonium  perchlorate  at  pressures 
of  p>350  atm.  observed  in  experiment  [95]  v;lth  crack  formation^. 
The  calculation  carried  out  in  [174]  showed  that  in  the  whole 
pressure  range  (350-1600  atm.)  the  splitting  of  ammonium 
perchlorate  is  determined  by  thermal  stresses,  and  not  by  shear 
stresses  as  was  assumed  earlier. 

The  splitting  of  explosive  crystals  under  the  effect  of 
temperature  differentials,  but  in  the  absence  of  combustion,  was 
experimentally  studied  by  Andreev  and  Gorbunov  [97].  Crystalline 
particles  of  explosives  were  dumped  into  water  with  different 
temperatures.  The  temperature  differential  AT  which  led  to  crack 
formation  was  determined.  It  was  established  that  large  explosive 
crystals  were  very  sensitive  to  thermal  shock;  sudden  heating  from 
the  surface  produces  splitting  of  a crystal  at  a small  temperature 
differential.  For  PETN  [T5HA]  and  cyclonite  crack  formation  was 
already  observed  at  AT=15-20°C,  for  those  less  sensitive  - picric 
acid  and  trotyl  - at  40-50°C. 

During  combustion  considerably  higher  temperature  differen- 
tials are  realized.  At  the  same  time  reliable  data  are  absent  in 
literature,  which  attest  to  the  splitting  of  powders  and 


^However,  according  to  Glazkova’s  data  [158],  the  form  of  curve  u(p) 
for  ammonium  perchlorate  in  the  pressure  i-ange  350-1000  atm. 
strongly  depends  on  the  nature  of  the  shell  and  tht  presence  of  a 
catalyst,  v;hich  indicates  the  important  role  of  chemical  factors. 
Thus,  for  instance,  with  the  introduction  of  5^  K2Cr20^  curve  u(p) 

takes  the  normal  form  (v=0.6).  Thus  the  explanation,  advanced  in 
[174],  is  not  unconditionally  all-inclusive. 
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polycrystalline  explosive  specimens  in  the  process  of  combustion. 
Research  on  the  combustion  of  specimens  of  secondary  and  initiating 
(mercury  fulminate)  explosives  compressed  to  the  maximum  possible 
density  showed  [23 i 38,  80]  that  the  dependence  of  combustion  rate 
at  high  pressures  up  to  1000-4000  atm.  (where  the  effect  was  to 
be  expected M does  not  undergo  anomalous  changes.  This  result 
indicates  that  the  mechanism  of  crack  formation  during  the 
combustion  of  polycrystalline  explosive  specimens,  apparently, 
differs  from  that  for  single  crystals,  and  that  combustion  has 
a significant  effect.  It  is  possible  that  during  the  combustion 
of  secondary  explosives  the  formation  and  the  development  of 
cracks  is  Impeded  by  the  fusion  process.  It  is  also  possible  to 
assume  that  the  thermal  shock  will  be  exhibited  under  especially 
favorable  conditions  to  it,  for  example  during  the  blowing  of 
a high-temperature  gas  flow  around  a burning  specimen  v;hlch 
increases  the  intensity  of  heating  of  the  solid  phase.  In  any 
case  the  available  indirect  data  are  grounds  for  this  assumption. 

In  conclusion  it  should  be  noted  that  the  data  existing  in 
literature  do  not  make  it  possible  to  formulate  the  mechanism  and 
the  laws  governing  crack  formation  in  the  combustion  process. 

Thus,  a vast  field  for  theoretical  and  experimental  investigations 
of  this  indisputably  interesting  phenomenon  is  preserved. 


^Thermal  stresses  Increase  ..j.th  an  increase  in  combustion  rate  as 
a result  of  an  increase  in  the  temperature  gradient. 


CHAPTER  V 


THE  DEVELOPMENT  OF  EXPLOSION 

§ 20.  General  Pattern 

Chapter  III  presented  the  results  of  the  investigation  of  the 
initial  stage  of  the  development  of  explosion  - the  stage  of  the 
disruption  of  stable  laminar  combustion. 

The  present  chapter  will  examine  the  data,  which  concern  the 
explanation  of  the  mechanism  and  the  laws  governing  the  propagation 
of  the  process  after  the  loss  of  stability  in  order  to  answer  the 
basic  question,  how  explosion  develops  and  detonation  arises.  The 
concept,  "explosion”  is  treated  in  the  broad  sense  and  includes 
the  totality  of  various  modes  (stages),  preceding  the  appearance 
of  detonation. 

The  first  investigations,  which  shewed  the  fundamental 
possibility  of  the  transition  of  the  combustion  of  solid  explosives 
into  detonation,  were  made  aoout  30  years  ago  by  Andreev  [6,  7], 
Belyayev  [1-5],  Patrl  [9]-  It  was  already  established  then  that 
if  for  initiating  explosives  (of  the  mercury  fulminate  type)  of 
low  density  the  indicated  transition  occurs  very  easily  - during 
ignition  ■ in  the  atmosphere,  then  in  the  case  of  homogeneous 
explosives  it  can  be  obtained,  \-:hen  an  explosive  is  Ignited  and 
burns  under  conditions  of  high  pressure,  in  a strong  closed  shell. 
The  simple  method  used  by  Andreev  for  the  study  of  the  transition 


of  combustion  into  detonation  (see  Fig.  6a),  which  bears  his  name, 
is  also  broadly  employed  in  one  or  another  variant  at  the  present 
time . 

The  development  of  explosion  in  connection  v/lth  the  conditions 
of  mechanical  effects  (upon  the  striking  of  a striker  against  an 
anvil)  was  studied  in  great  detail  by  Bowden  with  his  coll.  [151. 

The  experiments  were  conducted  with  the  thin  layers  of  explosive. 
Included  between  flat  surfaces,  pressed  together  by  high  pressure. 
These  works  revealed  the  general  external  pattern  of  the 
development  of  an  explosion  from  the  focus  of  the  reaction  and 
the  complex  stage  nature  of  the  propagation  of  the  process  was 
established:  combustion-accelerated  combustion-detonation  at 

a slow  rate  (1000-2500  m/s)-normal  detonation. 

The  appearance  of  normal  detonation  was  observed,  as  a rule, 
upon  the  egress  of  the  process  from  the  pressed  layer  into  the 
unpressed  explosive.  Although  the  general  pattern  of  the  develop- 
ment of  an  explosion  was  also  established,  a detailed  investigation 
of  the  individual  stages  was  not  carried  out  due  to  their  small 
three-dimensional  extent. 

Bowden’s  works  obtained  their  subsequent  development  in  the 
Investigations  of  Bobolev  with  his  coll.  [l6,  126,  127]. 

The  transition  of  combustion  into  the  detonation  of  pressed 
[1^,  142-144,  165]  and  cast  [13,  121,  125,  131]  explosives, 

contained  in  strong  closed  shells  has  been  studied  in  the  works 
of  recent  years.  These  Investigations  introduced  considerable 
clarity  into  the  understanding  of  the  physical  essence  of  transition 
phenomena  and  made  it  possible  to  ascertain  the  basic  laws 
governing  predetonation  development. 

On  the  basis  of  the  existing  concepts  the  transition  of  the 
combustion  of  solid  explosives  into  detonation  can  be  represented  by 
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the  general  simplified  diagram  (Fig.  44),  which  includes  the 
following  stages:  I - stable  laminar  combustion;  II  - convective 

combustion;  III  - low-speed  (300-3500  m/s)  mode  of  explosive 
conversion*;  IV  - steady-state,  normal  detonation.  Each  of  the 
stages  is  distinguished  by 
the  mechanism  of  the  transfer  of 
heat  and  the  excitation  of  the 
reaction.  The  basic  form  of 
heat  transfer  in  laminar 
combustion  is  molecular  thermal 
conductivity,  in  convective 
combustion  - forced  con- 
vection. The  low-speed  mode 
Is  excited  by  compression 
waves,  detonation  - by  a shock 
wave.  In  the  general  case  the  development  of  the  process  is 
accelerated.  The  final  result  of  accelerated  development  is  the 
formation  of  a shock  wave  which  Initiates  the  detonation  of  the 
explosive,  if  its  amplitude  exceeds  the  critical  value,  and  the 
system  is  detonatable  (the  diameter  of  the  charge  exceeds  the 
critical  detonation).  The  existence  and  the  three-dimensional 
extent  of  the  individual  stages  depend  on  the  structure  of  the 
charge,  physicochemical  (individual)  properties  of  the  explosive, 
and  the  conditions  under  which  the  experiment  is  carried  out. 

Thus,  for  instance,  convective  combustion  can  directly  change  over 
into  detonation,  by-passing  stage  III.  The  development  of  the 
process  can  end  with  the  establishment  of  a low-speed  mode  with 
a constant  velocity,  and  the  appearance  of  detonation  is  absent. 


Figure  44.  General  diagram  of  the 
transition  of  the  combustion  of  a 
solid  explosive  into  detonation. 


^The  rate' of  propagation  of  the  low-speed  mode  is  considerably 
slower  than  the  rate  of  normal  high-speed  detonation.  At  the 
time  unified  conventional  terminology  for  this  process  is  lacking. 
The  following  names  are  employed:  detonation  at  low  rate  (for 

powdered  explosives),  wave  combustion,  low-speed  m.ode.  We  will 
mainly  employ  the  term  the  "low-speed  mode  of  explosive  conversion" 
(NSR),  since  in  charges  of  high  density  the  rate  of  propagation  of 
the  process  is  usually  considerably  slower  than  the  speed  of  sound 
in  the  original  explosive. 
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For  the  purpose  of  simplifying  the  following  presentation 
of  the  material  it  is  expedient  to  examine  convective  combustion, 
low-speed  wave  modes.  Impact  initiation  of  detonation  separately. 
This  is  all  the  more  necessary,  since  each  of  the  indicated 
processes  is  of  independent  interest.  At  the  same  time,  until 
recently  our  knowledge  about  them  has  been  extremely  fragmentary 
and  limited.  Separate  research  on  the  individual  stages  has 
made  It  possible  to  recently  obtain  new  results  which  fill  in, 
although  incompletely,  the  existing  gap.  An  increase  in  the  three- 
dimensional  extent  of  each  of  the  stages  is  attained  by  the 
appropriate  formulation  of  the  experiment,  in  v;hich  the  transition 
from  one  stage  to  another  is  impeded.  It  is  possible  to  set  up 
the  experiment  in  such  a way  that  the  process  develops  stably, 
at  considerable  distances  in  the  mode  only  of  convective  combustion 
or  of  low-speed  explosive  conversion.  This  systematic  procedure 
significantly  simplifies  Investigation  and  creates  the  basis  for  a 
detailed  analysis  of  the  individual  stage. 

The  difficulties  in  presenting  material  on  the  tvansition  of 
the  combustion  of  solid  explosives  into  detonation  are  due  to  the 
fact  that  often  the  available  data  ai'e  obtained  under  diverse 
conditions  which  are  difficult  to  compare  and  with  different 
systems.  Thus  in  order  to  determine  the  role  of  the  physical 
structure  of  the  charge,  the  chemical  nature  of  the  explosive, 
we  attemipted  to  present  the  basic  characteristic  results 
(peculiarities),  and,  first  of  all  those  of  them  that  were  obtained 
in  the  unified  formulation  of  the  experiment. 

A.  CONVECTIVE  COMBUSTION 

After  the  disruption  of  stable  combustion  the  mode  of  con- 
vective combustion  arises  in  which  the  Internal  surface  of  the 
poi-es  ’Will  be  ignited  by  the  gaseous  combustion  products  penetrat- 
ing into  tne  pores,  at  velocities,  exceeding  the  rate  of  laminar 
combustion  by  tens  and  hundreds  of  times.  Before  setting  forth 
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the  basic  results  of  the  research  on  the  convective  combustion  of 
porous  systems,  let  us  examine  the  existing  concepts  on  the 
mechanism  of  the  ignition  of  solid  explosives  and  powders. 

§ 21.  The  Basic  Concepts  on  the 
Mechanism  of  Ignition 

Until  recently  little  attention  was  given  to  the  ignition  of 
powders  and  explosives.  In  the  last  decade  the  interest  in 
this  problem  has  sharply  Increased  in  connection  with  the  creation 
of  solid-propellant  rocket  engines.  A considerable  quantity  of 
works  has  been  published,  dedicated  to  experimental  and  theoretical 
studies  of  the  process  of  the  ignition  mainly  of  powders  of 
different  types.  In  spite  of  this,  many  of  the  aspects  of  the 
ignition  mechanism  continue  to  remain  unclear.  The  questions 
concerning  this  aspect  where  ignition  occurs,  as  to  what  kind  of 
role  is  played  by  the  processes  in  the  condensed  and  gaseous 
phases  are  broadly  discussed  in  literature. 

The  mechanism  of  ignition  depends  conslderaly  on  the 
physicochemical  properties  of  the  investigated  system,  intensity 
of  the  heat  supply  and  the  state  of  the  ambient  medium. 

At  present  the  gas-phase  [^3,  102,  10^]  and  solid-phase  [98- 
100]  theories  of  ignition  have  received  broad  acceptance. 

The  gas-phase  theory.  The  simplest  approach  to  the  formula- 
tion of  the  gas-phase  theory  is  Zeldcvich’s  approach  [^3],  v/hich  is 
based  on  the  mechanlsmi  of  the  combustion  of  volatile  explosives 
[5],  which  have  a clearly  expressed  gasification  point,  equal  to 
the  boiling  point.  It  is  assumed  in  this  theory,  that  on  account 
of  the  energy  of  the  heat  source  heating  of  the  substance  to  the 
gasification  point  occurs.  From  this  time  on,  the  substance  is 
gasified,  and  the  basic  reaction,  which  leads  to  ignition,  takes 
place  in  the  gaseous  phase  at  a certain  distance  from  the  surface. 
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A necessary  condition  for  ignition  is  the  creation  in  the  condensed 
phase  of  a thoroughly  heated  layer  whose  depth  should  be  such  as  to 
ensure  the  necessary  critical  temperature  gradient  near  the  surface 
[Zeldovlch's  theory  has  already  been- briefly  examined  in  deriving 
the  conditions  of  the  ignition  of  pore  walls  (§  14)].  Not  considered 
in  it  are  the  heat  release  in  the  condensed  phase,  and  also  the 
hydrodynamic  pattern  in  the  ambient  medium.  However,  the  theory 
examines  the  question  of  the  transition  from  ignition  to  stable 
combustion.  Zeldovich's  concepts  were  subsequently  developed  in 
work  [102].  At  the  present  time  attempts  are  being  made  to  perfect 
this  model  (in  connection  with  mixed  powders)  taking  into  account, 
for  example,  the  processes  of  the  diffusion  of  the  oxidizer  and 
the  propellant. 

Serving  as  the  basis  for  the  creation  of  gas-phase  theories 
are  experiments  with  powders  with  high  heat  fluxes.  Having  an 
effect  on  increasing  the  role  of  the  gas-phase  processes  with 
an  increase  in  the  intensity  of  heat  supply  are  the  intensification 
of  the  effect  of  the  oxygen  concentration  in  the  ambient  medium 
and  the  pressures  for  lag  and  ignition  energy  [104]. 

The  solid-phase  theory.  There  are  several  variations  of  the 
theories  developed  in  the  works  of  Zeldovich  [98],  Hicks  [99] > 
and  Merzhanov  with  his  coll.  [100].  Solid-phase  theory  proceeds 
from  the  driving  role  of  the  reaction  in  the  condensed  phase.  It 
describes  very  well  the  low-temperature  modes  of  the  thermal 
effect  in  which  the  substance  during  the  course  of  a considerable 
length  of  time  after  the  application  of  heat  flux  behaves  like  an 
inert  substance,  and  at  a certain  temperature  a reaction  begins 
to  be  exhibited  in  the  condensed  phase,  and  the  surface  temperature 
sharply  Increases.  The  temperature  at  which  the  salient  point 
of  curve  of  T^(t)  occurs,  is  identified  with  the  ignition  point. 
Attesting  to  the  insignificant  effect  of  the  gas-phase  processes 
in  low-temperature  ignition  are  the  experiments,  according  to 
which  under  these  conditions  ignition  delay  weakly  depends  on 
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pressure  and  oxygen  concentration. 

The  question  of  the  transition  .from  ignition  to  steady-state 
combustion  is  not  examined  in  solid-phase  theory. 

In  the  works  of  Merzhanov  with  his  coll.  [100,  101]  the 
apparatus  of  solid-phase  theory  is  employed  for  determining  the 
effective  kinetic  parameters  of  heat  release  (E,  k^ , Q)  from 
the  experimental  data  on  low-temperature  ignition.  In  work  [100] 
the  criterion  of  ignition  is  proposed,  according  to  which  the 
ignition  of  the  condensed  substance  begins,  when  the  rates  of  heat 
arrival  from  the  external  source  and  the  chemical  reaction  become 
equal  to: 

CO 

'I  (/J  = <?^‘0 ^ {«xp  1 — EaiT  (JT,  fa)l  — e.\p  (—  .7’,,)}  t.^r,  (48) 

U 

where  x is  the  distance  from  the  surface;  q is  the  heat  flux  from 
the  external  source:  Tq  is  the  initial  temperature;  E is  the 

activation  energy;  R is  the  universal  gas  constant;  k^  is  the 
pre-exponents;  Q is  the  thermal  effect  of  the  reaction  (per  unit 
volume);  t^  is  the  lag  time  of  ignition. 

The  study  of  the  Ignition  of  pyroxylin  and  the  composition  of 

ammonium  perchlorate  (90?)  + polyethylene  (10?)  showed  [101]  that 

2 

at  an  intensity  of  convective  heat  flux  of  q=l-10  cal/cm  *s  good 
agreement  of  the  calculated  [employing  criterion  (^8)]  and  the 
experimentally  measured  lags  of  ignition  is  observed.  This  attests 
to  the  applicability  of  the  theory  and  criterion  (48)  to  the 
description  of  ignition  under  these  conditions. 

Thus , the  low -temperature  modes  of  the  thermal  effect  are 
described  by  the  solid-phase  theory  of  ignition;  the  high- 
temperature  modes  - by  the  gas-phase  theory,  although  there  is  no 
sharp  boundary  with  respect  to  Intensities,  At  the  present  time 
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a tendency  ts  noted  toward  the  creation  of  a general  theory  which 
would  consider  the  exothermic  transformations  both  in  the  condensed 
and  in  the  gaseous  phase.  The  difficulties  in  creating  such  a 
theory  are  due  to  the  absence  of  a complete  physical  pattern  of 
ignition,  especially  at  high  intensities. 

Usually  the  simplest  modes  of  heat  supply  are  accomplished 
in  the  experimental  study  of  ignition. 

The  results  of  the  investigation  of  ignition  under  the  effect 
of  convective  heat  fluxes  are  of  interest  from  the  viewpoint  of 
the  transition  of  the  combustion  of  porous  systems  into  explosion. 
Let  us  examine  some  of  them. 

The  Ignition  of  mixed  powders  under  the  effect  of  convection 
currents  with  rather  high  intensity  (10-100  cal/cm  *s)  has  been 
investigated  [105].  A shock  tube  with  an  outflow  of  gas  through 
an  adjustable  nozzle  was  used.  The  gas  velocity  above  the 
Investigated  specimen  of  propellant  was  varied  within  the  range 
50-100  m/s.  Ignition  delay  was  defined  as  the  time  between 
the  moment  of  the  application  of  the  heat  flux  and  the  appearance 
of  luminescence,  recorded  by  a photomultiplier.  The  dependence 

of  t^  on  the  average  value  of 
heat  flux  q for  a propellant 
based  on  ammonium  perchlorate 
is  represented  in  Fig.  45 
(the  propellant  was  ignited 
at  a pressure  of  air  and 
nitrogen  of  17.5;  25  atm.  and 
of  oxygen  of  10;  17.5  atm.). 
It  has  been  established,  that 
in  pure  oxygen  t^  decreases 
more  noticeably,  the  higher 
is  the  pressure.  The 
dependence  of  t^(q) 
was  different  for 
different  propellants.  The 


Figure  45.  Dependence  of  the  lag 
time  of  the  ignition  of  mixed 
propellant  on  the  magnitude  of 
heat  flux  [1051  1 - air,  17.5 
atm.;  2 - air,  25  atm.;  3 - N2, 

17.5  atm.;  4 - N2,  25  atm.;  5 - 

O2  - 10  atm.;  6 - O2,  17.5  atm. 


139 


conducted  experiments  showed  tiiat  the  physical  properties  of  the 
propellant  (the  form  of  cinder,  the  nature  of  the  adhesion  between 
t’le  binder  and  the  oxidizer,  the  dispersity  of  the  ammonium 
perchlorate)  iiave  considerable  Importance.  The  ignition  lag  was 
wh.on  q=10-100  cal/cm‘'*s. 


Ti'.e  ignition  of  mixed  powders,  model  compositions  and  pyroxylin 
by  convection  currents  of  lesser  intensity  is  described  [101]. 

There  is  little  information  about  the  ignition  of  explosives 
in  literature.  It  is  possible  to  note  only  two  works. 

The  ignition  energy  of  several  explosives  at  a strictly  fixed 
time  of  the  efl'ect  of  the  igntlon  source,  equal  to  3 nis  was 
determined  [l6^].  The  experiments  w.-*re  carried  out  under  co.nditlons 
of  the  effect  of  explosive  specimen  of  heated  gas  (mainly  helium). 


Lead 

ph^ate 

0.0^6 

determining  the  Ignltablllty  of  explosives,  based  on  ascertaining 
the  igniter  charge,  necessary  for  exciting  the  stable  combustion 
of  a specific  explosive  charge  in  a bomb  manometer.  A mixture 
of  pyroxylin  No.  1 and  ammonium,  nitrate  (50:50),  which  yield 
gaseous  products  combustion  was  employed  as  the  Igniter.  The 
Ignitability  of  a number  of  explosives  was  determined  by  the 
Indicated  metnod.  In  the  order  of  reduction  in  Ignltablllty  they 
are  arranged  in  the  following  manner:  potassium  picrate,  tetryl, 

62;i  dynamite,  xylyl,  ammonium  perchlorate,  trotyl,  trinitrobenzene 
and  ammonite.  This  method  is  a simple,  convenient  rapid  method 
and,  apparently,  makes  it  possible  to  carry  out  a comparative 


The  findings  which,  are  given  below,  give  an  idea  about  the 
relative  capacity  of  the  explosives  towards  Ignition. 

Explosives  Trotyl  Tetryl  Cylo-  pTEN  Lead 

nite  azide 

Ignition  energy,  cal/cm^,  >0.38  0.33  0.33  0.25  0.087 

Andreev  and  Rogozhnikov  proposed  [112]  a method  for 


evaluation  of  the  Ignitabillty  of  various  explosives.  However, 
as  the  authors  themselves  correctly  note  the  theoretical  treatment 
of  the  obtained  results  runs  into  difficulties  which  are  caused 
by  the  complex  nature  of  the  temperature  effect,  connected  with 
the  inconstancy  of  the  pressure  and  the  temperature  of  the  Igniter 
gases . 

§ 22.  Development  of  Combustion 
in  Single  Pore 

The  penetration  of  combustion  into  a pore  includes:  1)  the 

ignition  of  the  entrance  section  of  a pore,  exposed  to  the  effect 
of  hot  combustion  products,  2)  the  propagation  of  the  combustion 
front  along  the  length  of  the  pore  from  the  arising  focus  of 
ignition.  The  first  aspect  of  the  problem  in  principle  can  be 
solved  on  the  basis  of  the  existing  concepts,  discussed  in  the 
preceding  section.  With  respect  to  the  question  of  the  propaga- 
tion of  the  combustion  front  along  the  powder  surface  (explosive), 
at  the  present  time  a strict  mathematical  model  of  the  process 
and  a rather  complete  physical  understanding  of  the  phenomenon 
is  absent.  This  question  is  not  solved  for  the  practically 
Important  case  - the  ignition  of  the  channel  of  a powder  charge 
in  the  process  of  rocket  engine  operation.  Certain  approaches 
to  the  solution  of  this  question  are  contained  in  work  [106]. 

In  this  v/ork  the  rate  of  propagation  of  the  combustion  front  is 
identified  with  the  rate  of  the  displacement  of  the  leading  front 
of  the  zone  in  which  the  critical  conditions  of  ifenltlon  are 
attained.  It  is  assumed  that  the  ignition  of  a surface  element 
occurs  Instantly  upon  the  attainment  of  a certain  critical 
temperature  of  the  surface  or  upon  the  accumulation  of  a critical 
amount  of  heat  taking  in  calculating  for  a unit  surface  ar^a  of 
the  thoroughly  heated  layer.  The  question  of  the  effect  of  the 
Ignition  mechanism  is  not  examined  in  this  approach.  The 
mathematical  analysis  of  the  phenomenon  is  carried  out  employing 
a number  of  simplifying  assumptions.  The  results  of  the  analysis 


are  not  compared  with  the  experiment. 


The  authors,  taking  Into  account  the  complex  nature  of  the 
phenomenon,  gave  their  primary  attention  to  solving  the  problem 
experimentally . 

The  stuuy  of  the  appearance  and  the  development  of  convective 
Gom.'cuotlc.n  in  disordered  porous  systems  is  hindered  in  view  of 
the  fact  that  as  will  be  shov;n  below,  the  convective  combustion 
front  is  not  plane.  Thus,  the  optical  methods,  which  record 
luminescence  on  the  lateral  charge  surface,  in  the  case  of 
opaque  (solid)  explosives  do  not  give  a sufficiently  complete  and 
objective  picture  of  the  development  of  the  process.  It  seemed 
that  the  basic  laws,  concerning  the  propagation  of  convective 
combustion  in  porous  systems,  can  be  obtained,  if  we  utilize 
a simplified  ordered  m.odel  - a single  pore.  With  the  aid  of  this 
model  it  has  becom.e  possible  to  experimentally  investigate  all  the 
consecutive  stages  of  the  appearance  and  development  of  convective 
co.mbustion. 


Let  us  examine  a single  pore  (crack),  into  which  on  the  one 
hand  the  igniting  products  are  supplied.  After  ignition  of  the 
end  of  the  pore  the  boundary,  which  separates  the  ignited  and  the 
unignited  part  of  the  surface,  is  propagated  along  the  length  of  the 
pore  in  the  form  of  a combustion  front.  The  problem  reduces  to 
the  determination  of  the  propagation  rate  of  the  combustion  front 
along  the  surface  (ignition  rate)  and  its  dependence  on  various 
parameters:  the  properties  of  the  system,  the  geometric 

dimensions  of  the  pore  (width,  length,  shape  of  pore),  pressure, 
conditions  on  the  opposite  end  of  the  pore  (open,  closed  end). 

Ignition  of  a Pore 

Procedure  of  the  experiment.  The  slotted  charges  employed 
are  shovm  in  Fig.  37.  We  mainly  Investigated  a plane  blind  pore. 


formed  by  two  plane-parallel  plates  of  continuous  (nonporous) 
substance  with  smooth  surfaces.  In  studying  the  ignition  process 
one  of  the  plates  was  replaced  by  a transparent  plate  made  from 
plexiglass  (Fig.  37a),  which  facilitated  the  recording  of  the 
process  of  combustion  propagation  by  optical  methods,  since  in  this 
case  the  entire  internal  surface  of  the  pore  was  visible.  The 
ignition  of  the  pore  was  accomplished  on  the  upper  end.  The 
geometric  dimensions  of  the  pore  were  determined  by  the  length 
(depth)  L and  by  the  distance  d^  between  the  plates  of  the  sub- 
stance which  characterizes  the  magnitude  of  the  equivalent 
diameter  of  the  pore  d^  (for  a plane  pore  d^~2dQ). 

The  combustion  of  the  slotted  charges  was  carried  out  in  a 
specially  developed  bomb  nanometer  (see  Fig.  5)  the  design  of  which 
is  described  in  detail  on  page  xx.  The  pore  was  Ignited  by  a 
convection  current  of  hot  gas,  which  was  generated  during  the 
combustion  of  the  igniter.  Simultaneous  optical  recording  of  the 
process  was  accomplished  (with  a high-speed  movie  camera  or  a 
photorecorder),  which  made  it  possible  to  measure  the  lag  t and 
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the  rate  u of  the  ignition  of  the  pore,  and  also  to  record  the 
pressure  directly  in  the  pore  P^(t)  at  the  closed  end  of  the 
charge.  i 

A part  of  the  experiments  was  carried  out  in  the  atmosphere 
and  in  a "constant  pressure”  bomb  (Crawford  bomb),  when  the  initial 
pressure  in  the  pore  was  equal  to  the  pressure  in  the  volume.  In 
this  set  of  experiments  the  ignition  not  only  of  a blind,  but  also 
of  an  open  pore  was  studied.  The  ignition  of  the  pore  was 
accomplished  from  a nichrome  spiral,  heated  to  incandescence 
by  a current.  Besides  the  optical  recording  of  the  process  of 
combustion  propagation  along  the  pore,  measurement  of  the  tempera- 
ture in  the  pore  employing  thin  (30  y)  tungsten- rhenium  thermo- 
couples was  carried  out.  Temperature  measurement  was  conducted 
oy  the  procedure,  developed  by  Zenin  [163]. 


In  all  exper'iT.en‘C3  t:.--:  initial  widtii  of  the  pore  exceeded 
the  critical  widti'  d , v.hici;  ensured  the  penetration  of  combust'^  on 

np 

into  the  pore. 

Servin;'  as  tn--  tasic  subject  of  tl;e  investigation  was  mixed 
and  tallistite  tv;'-  r owier. 


General  pattern 

is  propagated  1:.  tr.v; 
c liw  w ^ o V ^ r*  ^ T' 


of  pore  ignition-  The  mode  of  ignition  which 
r'cr::.  :.f  .'.-.-quential  displacement  of  the  com- 
;'ac-  i.:  typical  (rig.  b6)^.  The  use  of  optical 
ible  t'-  vstablisn  tne  detailed  pattern  and 


the  characteristic  f-at:.:---- 
zone,  adjace.nt  tc  t.n-.-  i.-nit 
especially  graph.! c upon  the 
particles.  It  i'.a.:  bee.n  est 


of  th.e  flow  of  the  products  in  the 
or.  front.  The  flcvj  pattern  becomes 
introduction  i.nto  the  powder  of  metal 
dished  that  in  front  of  the  ignition 


Figure  ^6.  Motion 
picture  frames  of 
the  Ig.nitlon  of  a 
single  pore  a)  open 
pore;  b)  blind  pore. 


^Under  specific  conditions,  when  in  the  composition  of  the  products, 
which  move  along  the  pore,  condensed  particles  are  contained,  focal 
ignition  can  be  observed:  the  condensed  particles,  falling  on  the 

surface,  produce  ignition  in  separate  centers  in  front  of  the 
primary  front.  According  to  the  experiment,  the  minimal  size  of 
the  condensed  particles,  which  oroduces  focal  ignition,  is 
50-100  y. 


front  the  combustion  products  which  heat  the  surface  of  a pore, 
being  cooled  in  this  case  move  at  a high  rate.  T|^e  outstripping 

of  the  Ignition  front  by  the  combustion  products  always  occurs. 

I 

The  ignition  front  separates  the  products  moving  along  the  pore 
from  the  flov:  of  products,  going  out  of  the  pore. I 

In  a pore  with  an  open  end  the  products  are  mainly  moving 
translationally  (in  the  direction  of  propagation,  see  Fig.  i<6a). 

In  this  case  in  the  initial  stage  the  ignition  rate  sharply 
Increases  along  the  length  of  the  pore:  ignition  has  an  avalanche- 

type  character  (Fig.  ^7),  since  the  ignition  front  is  propagated 
along  the  thoroughly  pre-heated 
substance;  however,  with 
sufficient  length  of  the  pore 
rate  saturation  is  observed. 


In  a closed-ended  pore 
the  motion  of  the  products 
in  front  of  the  ignition  | 
front  is  more  complex:  the 

appearance  of  circulation 
currents  is  observed  (see  Fig.  ^6b),  when  the  products  also  move 
in  the  direction,  opposite  the  propagation  of  the  Igni^tion  front. 
Circulation  currents  play  an  important  role  in  the  heat  transfer 
in  the  ignition  process  of  a blind  pore  and  are  formed  as  a result 
of  the  fact  that  the  Ignition  front  is  not  plr  e : its  separate 

sections,  as  a rule,  move  at  different  rates.  The  combustion 
products  from  the  sectors  of  the  front  projecting  forward  are 
also  the  source  of  circulating  streams.  A detailed  investigation 
of  the  structure  of  an  ignition  front,  supplemented  by  temperature 
measurement,  showed  that  in  the  case  of  mixed  powder  the  following 
characteristic  zones  are  distinguished  (Pig,  ^8):  the  flame  zone 

1,  the  weakly  glowing  zone  2,  mixing  zone  3,  the  condensation  zone 

The  ignition  front  corresponds  to  the  boundary  of  zones  1 and 

2.  The  circulation  of  products  arise  in  zone  ^1.  The  gases  of 


Figure  47.  Variation  in  ignition 
rate  along  the  length  of  an  open 
(1)  and  blind  (2)  pore. 


it  consist  of  the  products  of 
the  pyrolysis  of  powder  and  are 
capable  of  combustion  in  air. 

In  a blind  gap  the  extent  of  the 
temperature  zones  virtually  does 
not  change  in  proportion  to 
propagation.  The  remarkable 
characteristic  of  a blind  pore 
consists  in  the  fact  that  its 
ignition  rate  is  practically  constant  for  a considerable  section 
along  the  len.gth  of  trie  pore  (see  Fig.  ■47).  This  experimental  fact 
was  established  in  work  [109].  A decrease  in  the  rate  is  observed 
at  the  clcoeu  end  of  th.e  pcrv. 

With  an  increase  in  external  pressure  the  tnree-dimensional 
exte.nt  of  the  zo.nes  is  decreased,  simultaneously  with  this  the 
temperature  of  the  combustion  products  iricreases.  The  gas 
temperature  In  a pore  of  a mixed  powder  attains  the  value  of  the 
.maximum  combustion  temperature  even  at  comparatively  low  pressures 
(10-20  atm.),  and,  in  rather  narrow  pores  (d^tO.!  mm).  This 
result  agrees  with  the  data  known  from  literature  according  to 
which  the  maximum  combustion  temperature  of  the  compounds  based 
on  ammonium  perchlorate  Is  attained  at  a distance  from  the  surface 
h of  the  order  of  several  tenths  of  a millimeter. 

The  short  distance  h^^  from  the  surface  to  the  hlgh-temperature 
gas  zone  significantly  facilitates  not  only  the  disruption  of 
stable  combustion  (see  § 15) > but  also  the  development  of  convective 
combustion  along  tne  pores.  This  explains  the  fact,  that  combus- 
tion In  the  case  of  a mixed  powder  penetrates  into  identical 
pores  at  pressures  less  than  in  the  case  of  substances,  which  have 
large  h^  as,  for  example,  nitroglycerin  powder,  and  at  high  rates. 

It  is  known  [81,  83,  1633  , that  value  h^^  for  a mixed  powder  is  an 
order  less  than  for  nitroglycerin  powder. 


Figure  48.  Temperature  dlstri- 
burior.  T(x)  in  tne  channel  of 
an  open  pore  durinr  igniticn 
(.mixec  powder,  p=l  atm.., 

= 4 .m..mi ) . 


The  temperature  measurements  carried  out  in  a pore  of 
nitrot:ly cerin  powder  with  a pore  width  dQ<2h^^  showed  (Fig.  •^9) 
that  at  a pressure  of  Pq=30  atm.  the  temperature  at  the  initial 
moment  after  penetration  is  rather  low  '\'1000°K  and  Increases  in 
proportion  to  the  combustion  of  the  pore.  The  combustion  of  the 
pov.-der  in  the  pore  in  tne  initial  stage  is  flameless  and  up  to  a 
value  of  dQ22h.^  occurs  at  a rate,  less  than  the  rate  of  normal 
combustion  [8^]. 

Under  specific  conditions  combustion  in  a pore  is  unstable, 
which  is  expressed  in  the  repeated  ignition  of  a pore  with 
subsequent  extinguishment.  Anomalous  combustion  in  a pore  is 
observed  at  low  pressures,  close  to  atmospheric. 


Figure  49.  .Recording  of  temperature  T(t)  (1)  and  pressure  Ap(t) 

(2)  in  the  volume  of  a bomb  during  the  penetration  of  combustion 
into  an  open  pore  (nitroglycerin  powder,  p=50  atm.,  d^slOO  u). 

Figure  50  shows  motion-picture  frames  of  anomalous  combustion. 
In  frame  1 the  Ignition  front  is  spread  over  the  entire  length  of 
the  pore.  The  combustion  of  the  substance  occurs  over  a course  of 
10  s,  after  which  extinguishment  ensues  during  a very  short 
time  t<2‘10  s.  At  the  moment  of  extinguishment  a noticeable 
Increase  l.d  the  luminescence  intensity  Is  observed.  The  substance 
did  not  burn  0.00^  3,  and  then  Ignition  began  at  Isolated  points 
(frames  2,  3)»  and  spread  over  the  entire  pore. 

The  repeated  (after  extinguishment)  Ignition  of  a pore  occurs 
either  as  a result  of  sequential  propagation  of  the  front  or  as 
was  noted,  as  a result  of  the  development  of  combustion  from 
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Figure  50.  Motion-picture  frames  of  the  anomalous  combustion  of 
the  substance  in  a pore. 

individual  points.  The  latter  case  Is  characteristic  for  a mixed 
powder  and  attests  to  tine  significant  role  of  the  processes,  which 
take  place  after  extinguishment  in  the  condensed  phase. 

The  anomalous  combustion  of  a pore  can  be  explained  on  the 
basis  of  the  concepts,  developed  by  Zel'dovich  [107]  in  connection 
with  the  combustion  of  a powder  in  a semiclosed  volume,  since  an  ig- 
nited pore  represents  an  expenditure  nozzle  (more  precisely  a 
combination  of  an  expenditure  and  thermal  nozzle)  with  very  small 
free  space.  Zel'dovich  showed  that  under  conditions  of  critical 
discharge,  v.'hen  the  relaxation  time  of  the  chamber  is  considerably 
less  than  the  relaxation  time  of  the  thoroughly  heated  layer,  i.e., 
at  low  pressures,  the  combustion  of  the  powder  in  a chamber  with  a 
small  free  space  is  unstable  and  anomalous. 

Another  possible  cause  of  anomalous  combustion  is  the 
impossibility  of  the  stable  combustion  of  the  substance  in  a narrow 
pore,  when  an  active  (driving)  combustion  zone  is  absent. 

The  effect  of  various  factors  on  the  ignition  rate  of  a blind 
pore.  We  will  subsequently  examine  only  a blind  pore,  the  average 
Ignition  rate  of  which  is  held  invariable  along  the  length  of  the 
pore. 

It  was  established  in  work  [109]  that  the  dimensionless  rate 
of  combustion  propagation  x*u  /u  into  the  gap  between  the  wall 

D 

and  the  burning  powder  charge  increases  in  propagation  to  the 

decrease  down  to  a specific  value  of  gap  width,  then  it  passes 

through  the  maximum  and  sharply  falls  off  to  unity  (u  »u).  The 

0 
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experiments  carried  out  by  us  showed  that  with  an  increase  in 
external  pressure  the  maximum  of  the  curve  displaced  into 

the  region  of  lesser  dimensions  of  the  pores,  and  the  propagation 
rate  x simultaneously  Increases  (Fig.  51).  The  section  of  curve 

xCd^)  to  the  right  of  the 
maximum  was  mainly  experimen- 
tally investigated.  As  one 
would  expect,  the  Ignition  rate 
u depending  on  the  conditions 

B 

varies  within  exceptionally 
broad  limits  from  tens  of 
millimeters  per  second  to 
hundreds  of  meters  per  second. 

It  is  more  convenient  to 
trace  the  effect  of  different 
factors  on  ignition  rate  for 
the  case  when  the  penetration 
of  combustion  does  not  lead  to  the  appearance  in  it  of  considerable 
(in  magnitude)  excess  pressure.  This  case  is  realized,  if  the 
combustion  of  slotted  charges  of  the  a or  b type  (Fig.  37)  (but 
at  greater  values  of  d^)  is  realized  in  a Crawford  bomb.  Under 
these  conditions  the  penetration  of  combustion  occurs  according 
to  a spontaneous  chanism. 

Experiments  in  a Crawford  bomb.  The  effect  of  pressures  in  a 
bomb  Pq  and  of  gap  width  d^  on  the  magnitude  of  the  average 
combustion  propagation  rate  along  a blind  gap  was  studied.  The 
results  obtained  for  a mixed  powder  are  shown  in  Fig.  52.  It  is 
evident  that  with  an  Increase  in  pressure  and  a decrease  in  the 
width  of  a pore  the  ignition  rate  of  the  pore  increases. 

The  processing  of  the  results  gives  the  dependence: 

XdjjPQ  =0.26  cm*atm 


Figui'  51.  Schematic  representa- 
tion of  the  dependence  of  dimen- 
sionless ignition  rate  on  the 
'Width  of  a blind  pore  at  dif- 
ferent pressures.  1 - p^;  2 - p^. 
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Figure  52.  The  dependence  of 
ignition  rate  on  pore  width. 

1 - Pq=30;  2 - 10;  3-1  a.tm. 


A aepenuence  of  a si-Tiilar  type  can  be  theoretically  obtained, 


In  contrast  to  the  initial  pressure,  a variation  in  the 
initial  temperature  of  the  povjder  from  +20°  to  -70°C  practically 
does  not  affect  the  ignition  rate  of  a pore. 


A set  of  experiments  was  carried  out  in  which  the  composition 
of  the  powder  was  varied.  It  has  been  established  that  the 
physicochemical  properties  of  an  organic  propellant  in  a mixed 
syste.m  based  on  ammonium  perchlorate  have  a definite  effect  on 
the  ignition  rate  of  a pore  surface.  Polystyrene,  polymethyl 
methacrylate,  bitumen,  polyester  were  employed  as  the  propellant. 
The  metallic  fuel  - aluminum  - has  a peculiar  effect.  Aluminum 
with  an  average-mass  size  of  ^<15  u was  employed  which  was 
introduced  Instead  of  an  oxidizer  into  a system  of  13%  bitumen 
+85^  ammonium  perchlorate.  The  findings  are  presented  below 
(Pq=50  atm.,  crack  dQ=0.1  mm,  L=30  mm). 
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Upon  the  introduction  of  aluminum  the  Ignition  rate  Increases 
up  to  5-10^,  and  with  the  larger  aluminum  content  a retarding  effect 
is  exerted.  An  analogous  effect  was  obtained  earlier  by  Andreev 
and  Rogozhnlkov  [68],  who  carried  out  experiments  with  binary 
mixtures  of  AP  + A1  in  a powder-like  state. 
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In  another  series  the  role  of  the  geometric  dimensions  of  a 
pore  v;as  studied.  A comparative  testing  of  charges  of  type  a and 
of  type  b (see  Fig.  37),  and  also  of  charges  with  a different 
crack  depth  L showed  that  the  ignition  rate  of  cracks,  having  an 
identical  value  L/d^,  is  different^.  In  the  case  of  the  transition 
from  type  a charges  to  type  b charges  and  with  an  Increase  in 
crack  depth  the  ignition  rate  Increases. 

Ignition  rate  depends  significantly  on  pore  shape.  If  Instead 

of  a usually  accepted  plane  pore  (crack)  we  employ  a cylindrical 

pore  with  the  same  equivalent  hydraulic  diameter,  then  in  the  latter 

case  value  u turns  out  to  be  considerably  lower.  At  the  present 
s 

time  there  is  no  sufficient  clarity  in  the  question  concerning 
the  cause  of  the  observed  difference.  It  is  possible  to  assume 
that  in  a cylindrical  channel  the  development  of  circulation 
currents  of  combustion  products  is  impeded. 

Ignition  rate  noticeably  increases  in  pores  with  uneven  rough 
walls.  The  penetration  of  combustion  in  this  case  is  intensified 
because  of  an  increase  in  the  heat-transfer  coefficient  in  the 
projection  region  and  their  accelerated  heating  ?and  ignition. 

Experiments  in  a bomb  manometer.  If  experiments  are  carried 
out  with  narrow  and  rather  deep  cracks,  then  their  ignition  occurs 
at  such  high  rates,  that  a considerable  excess  pressure  appears 
in  them  [59,  110].  In  this  case  the  experiments  were  conducted 
v;ith  the  use  of  a bomb  (see  Fig.  5),  which  made  it  possible  to 
record  the  pressure  in  a crack.  The  pore  was  enclosed  in  a 
strong  shell,  made  of  plexiglass  and  steel.  It  was  established 
that  the  excess  pressure  within  the  pore  has  an  enormous  effect 
on  the  ignition  process,  since  the  ignition  rate  and  the  pressure 

^In  the  case  of  cracks  of  type  b in  calculating  L/d^  a width  value 

equal  to  half  of  the  actual  value  was  utilized,  i.e.,  the  "linear" 
nature  of  the  crack  was  considered. 
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In  the  pore  mutually  determine  each  other.  The  nature  discussed 
above  of  the  effect  of  different  factors  on  the  ignition  rate 
of  cracks  is  also  retained  in  this  case  with  only  one  difference, 
that  the  general  pai-tern  becomes  ro  igher.  The  appearance  of  excess 
prec.sure  in  a narrcv;  pore  leads,  in  particular,  to  a peculiar  para- 
dox: v.'lr;;  a decrease  in  crack  v/idtr.  (dov.’n  to  d»  = d ) tlie  ignition 

u P 

rate  and  the  .T.aximum  excess  pressure  in  the  pore  continuously 

Increase  in  it,  but  v/ith  an  insignificant  decrease  in  d^  combustion 
does  not  penetrate  into  the  crack,  i.e.,  the  section  of  the  curve 
/(■jj'tc  the  left  of  the  maximum  becomes  so  narrow,  that  it  cannot 
be  detected  (see  Fig.  51). 


The  concepts  of  the  absolute  values  of  the  ignition  rate 
of  a crack  of  a mixed  powder  give  the  results,  presented  below 
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Thus,  the  ignition  rate  of  a crack  can  exceed  the  rate  of 
normal  combustion  by  3-^  orders  and  attain  values  of  hundreds 
of  meters  per  second.  This  result  deserves  attention  in  connec- 
tion with  the  fact  that  such  high  rates  of  convective  combustion 
are  observed  for  undetonatable  systems,  such  as  mixed  powders 
[160]. 


The  experiments,  carried  out  with  mixed  powders  at  different 
external  pressures  Pq,  showed  that  with  an  increase  in  pressure 
the  ignition  rate  is  Increased,  and  ignition  lag  t^  sharply  falls 
off: 
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The  ignition  of  a crack  in  a bomb  manometer  corresponds  to  the 
conditions  of  Intense  heat  supply,  where  the  gas-phase  processes 
play  a significant  role.  The  fact  of  the  reduction  of  ignition 
delay  with  an  increase  in  pressure,  and  also  the  estimate  of  the 
magnitude  of  heat  flux  convinces  us  of  this.  For  the  entry  part 
of  the  crack  the  heat  flux,  calculated  from  expression  q=a(T-T  ) 

(a  is  the  heat-transfer  coefficient,  which  was  calculated  on  the 
basis  of  the  Nusselt  criterional  function  [113];  T is  the  tempera- 
ture of  the  filtering  gases,  which  was  taken  to  be  equal  to  the 
combustion  temperature  of  the  igniter;  T^^  is  the  mean  wall 
cemperature) , constituted  when  Pq=50  atm.,  dQ=0.1  mm  the  value 
q~200  cal/cm^*s.  The  Ignition  delay  of  the  mixed  powder  experi- 
mentally measured  for  these  conditions  turned  out  to  be  equal  to 
5 ms . 


The  question  logically  arises,  as  to  what  is  the  maximum 
possible  ignition  rate  of  a narrow  pore  of  constant  cross 
section  under  conditions  of  a high  pressure  differential.  It 
follows  from  general  considerations  that  the  ignition  rate  cannot 
exceed  the  velocity  of  the  gas  moving  along  a pore,  l.e.,  the 
speed  of  sound  in  the  products  (1000-1200  m/s)*.  The  maximum 
ignition  rate  of  a pore  in  our  experiments  was  approximately 
600-700  m/s. 


*What  has  been  said  is  correct  for  the  case  when  a shock  wave  does 
not  arise  in  a pore  and  che  friction  of  the  gas  against  the  pore 
walls  is  not  considered. 
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Consequences  of  the  Penetration  of 
Combustion  into  a Crack  [12,  59 > 110] 

Determining  excess  pressure  in  an  undeformed  crack.  It  is  not 

difficult  to  show  that  the  ignition  of  a pore  at  a rate,  which 
consjderably  exceeds  tlie  rate  of  normal  combustion  of  a substance, 
sliould  lead  to  chG  appearance  of  excess  pressure  in  the  pore 
Ap=p^-Pq?^0,  v\'hich  we  confirmed  experimentally^.  The  pressure 
in  the  pore  is  a function  of  the  following  basic  parameters: 

~ / (''i' if , d Ity,.  I.  d,  z,  xj.],  (^9) 

where  u'  is  the  rate  of  pore  combustion;  L,  d are  the  depth  and 
the  width  of  the  pore;  z is  ttie  coefficient,  which  considers  the 
resistance  to  the  products  flowing  back;  x is  a coordinate, 
calculated  from  the  entrance  part  of  the  pore. 

The  first  two  parameters  in  expression  (49)  are  connected 
vjith  the  process  of  ignition  and  combustion,  three  others  - with 
the  geometric  dimensions  of  tiie  por'e  and  the  state  of  its  sui’face. 

An  experimental  study  of  the  increase  in  pressure  in  a crack 
was  carried  out  in  a bomb  manometer  (see  Pig.  5).  The  crack  was 
formed  by  two  thin  (2-3  mm)  plates  of  powder  and  was  enclosed 
In  a strong  shell  of  plexiglass  and  steel,  which  practically 
eliminated  crack  deformation  during  combustion. 

Figure  53  depicts  a diagrammatic  representation  (Fig.  53a) 
and  oscillograms  (Fig.  53b,  c)  of  the  recording  of  pressure 
In  a crack  at  the  closed  bottom  end  (lo'wer  curve  1)  and  in  the 


^ It  is  necessary  to  note  that  Serebryakov  [111]  on  the  basis  of 
an  analysis  of  extinguished  specimens  of  Kisnemskly  powder  after 
a gun  shot  assumed  the  possibility  of  the  appearance  of  excess 
pressure  in  narrow  channels. 
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Figure  53.  Diagrammatic  representation  (a)  and  oscillograms  (b , 
c)  of  pressure  during  the  penetration  of  combustion  into  the  pore. 

1 - recording  of  pressure  in  a pore  at  the  closed  bottom  end;  2 - 
T’ecordlng  of  pressure  in  the  volume:  t^  - lag  time  of  ignition; 

t - time  of  pore  Ignition;  t'  - time  of  the  existence  of  excess 
6 

pressure  in  a pore. 

volume  of  the  bomb  (upper  curve  2).  The  pressure  increases  from 
bottom  to  top,  the  time  - from  left  to  the  right.  The  recording 

-of  the  pressure  in  a pore  p (t)  was  done  as  follows.  Within  a time 

- 3 - 4 

of  che  order  of  10  -10  s after  the  beginning  of  a pressure 

increase  in  the  volume  of  the  bomb  a pressure  balance  begins  in  a 
pore  as  a result  of  the  penetration  into  it  of  combustion  products. 
The  sal...ent  point  of  curve  p (t)  after  time  t attests  to  the 
beginning  of  the  ignition  of  the  pore. 

For  a period  of  time  t the  pressure  in  the  pore  increases , 

attains  the  maximum  value  pj(j,  after  which  a pressure  decay  occurs, 

caused  by  the  burn-up  of  the  pore  and  by  the  mechanical  destruction 

of  the  crack  walls.  The  time  of  the  existence  of  Increased  Ap/0 

-4  -2 

pressure  In  a pore  is  t'alO  -10  s.  The  simultaneous  optical 
recording  of  the  process  and  the  recording  of  the  pressure  in  a 
pore  showed  that  in  narrow  cracks  the  values  t^  and  t^  correspond 
approximately  to  the  lag  time  and  the  crack  ignition  time.  It 
was  established  that  all  those  factors  which  lead  to  an  Increase 
in  the  ignition  rate,  contribute  to  a pressure  rise  in  a crack. 
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The  increase  In  pressure  in  a crack  was  studied  depending  on 
parameter  L/^q,  which  represents  the  ratio  of  the  combustion 
surface  to  the  flow  passage  cross-sectional  area  (Pobedonostsev's 
parameter). 

Some  of  the  results,  obtained  for  a mixe  ’ powder,  are 
represented  in  Fig.  54.  As  can  be  seen  from  the  curve,  in  proportion 
to  the  Increase  in  L/d^  (the 


decrease  in  d^  when  L=const), 

beginning  with  a certain  critical 

value  (L/d„)  , progressive 

u ^ P 

increase  in  the  pressure  in  the 
pore  is  observed.  In  this  case 
a simple  geometric  similarity 
is  absent:  in  the  pores  of 

identical  geometry  (L/dQ=const) 
the  pressure  increases  with 
an  Increase  in  the  depth, 


Pr,  atm 


Pa  pV 

I i I . 

'L/dg)^  SOD  mo  Lld^ 


which  is  connected  with  the 
difference  in  the  ignition 
rate  of  geometrically  similar 
cores . 


Figure  54.  Dependence  of  excess 
pressure  in  cracks  of  different 
depth  on  the  parameter  (L/d^), 

Li  -I  Li  « * 


The  experimental  data  in  a broad  range  of  variation  are 
satisfactorily  described  by  an  analytical  dependence  of  the  type^ 


' ' h ^ ^0 1 ^4i  (L  (/o)kii]  Po' 


(50) 


where  (L/d^)  - the  valur'  at  which  Ap  =0.1  p„;  n - a constant 

0 HD  M ^0 

whose  value  depends  on  crack  depth;  for  cracks  with  a depth  of 
several  centimeters  value  n is  close  to  unity. 


^Formula  (50)  is  valid  both  at  subsonic  and  sonic  (critical  ) 
discharge  of  the  combustion  products. 


Dependence  (50)  automatically  considers  the  nature  of  crack 
ignition,  and  also  - the  nonsteady-state  effects  of  powder  com- 
bustion in  a crack. 

Value  Ap  witli  values  L/d^  less  than  (L/d_)  , can  be  cal- 

U U H p 

culated,  by  employing  expression  (51)  which  is  obtained  from  the 
equations  of  conservation  of  mass  and  momentum  for  an  incompressible 
liquid  not  allowing  for  wall  friction^: 


* V 


where  c=p^RT/M  (p^  - the  density  of  the  powder,  M,  T - the  molecular 
weight  and  *-he  temperature  of  the  combustion  products);  u^  - the 
uT’ate  of  normal  burning. 

With  small  pressure  increases  Ap^^<<Pq,  the  combustion  rate 
Uq  in  expression  (51)  depends  only  on  pressure  p^  in  the  chamber 
volume . 

By  substituting  in  (51)  the  typical  values  going  Into  it, 
we  obtain: 


When  (L/d„ ) > (L/d„ ) calculation  according  to  (51)  gives  understated 

U U H p 

values  of  Ap.^  in  comparison  with  the  experiment.  This  indicates 
the  need  for  carrying  out  calculation  which  would  consider  the 
dependence  of  combustion  rate  on  pressure  and  gas  flow  rate^,  and 
also  the  nature  of  the  propagation  of  combustion  along  a crack. 


^The  checking  of  formula  (5D  during  the  combustion  of  an  Inserted 
cylindrical  charge  in  a rocket  engine  was  first  carried  out  by 
0.  I.  Leypunskly  [92]. 

*Thls  type  of  calculation  was  carried  out  in  work  [117]. 
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In  contrast  to  mixed  powders  the  excess  pressure  in  a crack 
of  nitroj^ly cerin  powder  at  low  pressures  in  a bomb  is  so  small j 
that  It  is  not  Impocslble  to  record  it,  althouch  the  peneti’ation 
of  combustion  into  the  crack  occurs.  However,  considerable  in 
T-iut^nltude  excess  pressure  in  a ci-ack  appears,  if  the  combustion 
of  a slotted  chai’^te  is  carried  out  at  elevated  pressures.  This 
-i’-.?sjlt  can  be  explained,  if  we  consider  tiie  differences  in  tlie 
r.eohanism  of  the  combustion  of  powders  of  the  mixed  and  ballistite 
tyj  OS . 

Concerning  crack  combustion  [12,  59].  It  is  known  tiiat  with 
the  presence  of  a gas  flow,  wh.lch  hlov/s  a powder,  tlie  rate  of 
its  comoustion  Increases.  This  effect  is  frequent ].y  called  erosive 
combustion.  An  increase  in  combustion  rate  Is  usually  connected 
with  the  turbulization  of  the  surface  layer  of  ttie  gas,  wtilch 
leads  to  an  increase  in  the  heat  flow  into  the  condensed  phase  of 
the  powder. 

As  a result  of  the  existence  of  excess  pressure  and  the  erosive 
effect  the  gas  Inflow  from  the  burning  surfaces  of  a crack 
increases.  From  the  oscillogram  of  Fig.  53c  one  can  easily  see 
that  the  noticeable  Increase  in  the  pressure  in  the  volume  of  the 
chamber  corresponds  to  the  beginning  of  a pressure  Increase  in 
the  crack,  apparently,  as  the  formation  of  the  erosive  peak  occurs 
in  curve  2.  Prom  the  magnitude  of  the  erosive  peak  the  average 
(for  the  time  of  the  effect  of  excess  pressure)  combustion  rate 
of  a powder  in  a crack  was  determined.  Thus,  it  was  possible  to 
connect  the  change  of  the  gas  inflow  in  the  crack  with  the  excess 

r 

pressure  pulse  - jjdjidn 

0 

A characteristic  of  the  erosive  burn-up  of  a crack  is  the 
presence  of  high  rates  of  gas  flow  (up  to  sonic)  and  of  high 
pressures.  At  high  pressures  the  erosive  effect  is  significant, 
since,  as  the  specially  carried  out  experiments  showed, 


I ' I. 

u,  VAf/J; 


Figure  55-  The  dependence  of 
the  erosive  rate  of  combustion 
on  pressure  at  sonic  flow  of  tlie 
products.  1 - nitroglycerin 
powder;  2 - mixed  powder. 

[■•iM/ceH  = mm/s ; arm  = atm.] 


intensification  of  the  depend- 
ence of  the  erosive  rate  of 
combustion  u'  on  pressure 
“““SQOcurs.  Thus,  for  instance, 
in  a sonic  flow  when  the  gas 
velocity  'is  equal  to  the  speed 
of  sound  in  the  products, 
dependence  u*(p)  (Fig.  55) 
takes  the  form 

(53) 


independent  of  the  value  of 

.superscript  v In  tlie  normal  combustion  rate  law  u=bp^.  For  powders 
usually  value  v is  substantially  less  than  0.8.  A dependence  of 
type  (53)  was  simultaneously  established  by  Pokhll  with  his  coll, 
(cited  for  [59]).  It  can  be  obtained  theoretically  on  the  bases 
of  the  relationship  between  Nusselt  and  Reynolds  number.s,  which 
describes  heat  tr.ansfer  in  a turbulent  gas  flow  [113]. 


With  a considerable  pressure  increase  (Ap>>Pq)  mechanical 
destruction  of  the  crack  walls  was  observed  in  the  exit  part.  The 
zone  of  destruction  had,  as  a rule,  a bell-shaped  form. 


The  burn-up  of  the  ejected  powder  particles  led  to  a sharp 
increase  in  the  pressure  in  the  volume  of  the  bomb. 


The  above  presented  results  were  obtained  under  conditions 
when  the  crack  deformation  vjas  virtually  absent,  and  crack  growth 
was  eliminated.  Let  us  recall  that  a slotted  charge,  formed  by 
thin  layers  of  powder,  was  placed  in  a strong  shell.  Let  us  look 
at,  what  occurs  during  the  combustion  with  a crack  of  limited 
dimensions,  which  is  located  in  a powder  mass,  when  the  possibility 
of  crack  penetration  exists. 


Crack  Growth 

As  was  noted,  the  penetration  of  combustion  into  narrow  pores 
(cracks)  occurs  at  a high  rate,  result  of  which  is  the  appearance 
in  it  of  excess  pressure.  The  experiments  carried  out  showed  the 
fundamental  possibility  of  the  fact  that  a local  pressure  increase 
in  a burning  crack  is  capable  under  specific  conditions  of  causing 
its  growth  (increase  in  depth).  These  results  [12,  59]  served  as 
basis  for  the  setting  up  of  special  theoretical  and  experimental 
studies  [110,  114,  117]. 

The  behavior  of  cracks  in  the  depth  of  the  powder  was  studied 
when  there  is  a possibility  of  expansion  (deformation)^  and  crack 
penetration.  To  solve  the  problem  it  is  necessary  to  consider  the 
combustion  process  in  the  crack  and  the  capacity  of  the  powder  as 
a material  to  resist  crack  growth.  The  dimensions  of  cracks, 
the  penetration  of  combustion  into  which  causes  their  growth 
(unstable  cracks)  were  determined.  In  the  case  of  stable  cracks 
development  is  absent. 

The  question  concerning  the  mechanical  stability  of  burning 
cracks  in  a powder  was  theoretically  studied  oy  Leypunskly  and 
Kirsanova  [114].  The  basic  results,  obtained  in  work  [114]  are 
given  below.  They  examined  (Fig.  56)  a plane  infinite  crack  in 
the  direction  of  the  z axis,  situated  in  plane  xy  perpendicular 
to  the  burning  surface  in  a seml-lnflnlte  space  of  powder  and 
being  under  conditions  of  all-sided  hydrostatic  compression  by 
pressure  Pq.  It  was  assumed  that  the  Ignition  of  the  crack 
surfaces  and  the  discharge  of  the  combustion  exhaust  products 
occur  instantaneously  in  the  steady-state  mode.  It  was  also 
assumed,  that  the  pressure  Increase  in  the  crack  is  small  in 


^It  is  natural  that  crack  deformation  is  accompanied  by  a decrease 
in  excess  pressure  as  compared  with  the  case  of  combustion  in  an 
undeformed  crack  of  identical  depth. 
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comparison  with  the  chamber 
pressure  Pg;  therefore  the 
rate  of  powder  combustion  in 
the  crack  was  considered 
constant  u(p)=u(pg). 

Initially  the  magnitude 
and  the  pressure  distribu- 
tion in  a plane  burning 
channel  were  determined,  and 
then  the  equilibrium  of  the  crack  v/hich  expands  the  obtained  excess 
pressure  was  examined.  The  problem  was  solved  in  a static 
formulation,  l.e.,  it  was  considered  that  the  excess  pressure  does 
not  change  In  the  course  of  time.  The  mathematical  theory  of 
equilibrium  cracks,  created  by  Barenblatt  [1153  was  utilized.  Accord- 
ing to  this  theory,  the  outline  of  the  crack  remains  stationary, 
while  the  loads  acting  on  the  crack  are  small  and  are  balanced  by 
molecular  cohesion  forces,  which  act  in  the  t mall. end  region  of  the 
crack,  the  region  wnere  the  edges  of  the  crack  so  closely  approach 
each  other,  that  the  molecular  forces  of  lnte^’action  are  very  great. 
With  an  Increase  in  load  the  cohesive  forces  increase  (due  to 
deformation)  to  its  maximum  value.  This  type  of  crack  can  be 
called  maximum,  equilibrium;  the  total  characteristic  of  the 
maximum  value  of  the  cohesive  forces  was  proposed  by  Barenblatt 

in  the  form  of  magnj  tude  where  g(x)  - the  distribution 

« # 

of  the  maximum  value  of  the  cohesive  forces  in  the  end  region  of 
the  crack  a,  and  it  is  called  the  cohesion  modulus.  A further 
Increase  in  the  load  leads  to  crack  growth. 

The  distribution  of  excess  pressure  in  a plane  crack  with 
a length  I and  with  a width  2J  was  determined  from  the  conditions 
of  conservation  of  mass  flux  and  momentum: 


-f^ 
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Figure  56.  Diagram  for  the  cal- 
culation of  the  mechanical 
stability  of  a burning  crack. 
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iip(j)  = P (x)  — />g  ==  Apj,  {2x:l  — 
T-l  _ 

“ T ^ Pnrl-  * 


(5^) 


where  - the  pressure  at  the  bottom  (x=Z)  end  of  the  crack 


(y  - the  adiabatic  Index,  q - the  heating  capacity  of  the  powder). 


The  condition  of  crack  equilibrium  with  a crack  length  (-Z, 
Z)^,  burst  by  symmetrical  pressure  Ap(x),  takes  the  form  [115]: 


K 


(55) 


The  modulus  of  cohesion  K is  determined  experimentally  under 
the  corresponding  conditions.  Integration  of  (55)  makes  It 
possible  to  find  the  halfwldth  d of  a stable  crack  with  a length 
Z: 


.t  \ ,» 

Tj-^ 


(56) 


The  equality  In  expression  (56)  defines  the  maximum  dimensions 

of  a stable  crack.  The  substitution  of  (56)  Into  equality  (5^) 

makes  it  possible  to  calculate  the  pressure  in  a maximum  stable 

crack,  which  reduces  when  x=Z  to  the  expression 
’ np  ^ 


A/' 


K 


(57) 


It  is  not  necessary  to  consider  that  the  pressure  within  the 
crack  causes  Its  deformation  (expansion): 


(58) 


where  d^  - the  Initial  halfwldth  of  the  crack,  and  Z is  the 


*It  was  shov/n  [ll4]  that  the  nature  of  the  examination  does  not 
change.  If  the  supplementary  interaction  of  region  x^O  with  region 
z<0  Is  introduced. 
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displacement  of  the  edges  of  the  crack,  caused  by  the  bursting 
pressure  Ap(x)  (5^). 

The  calculation  of  the  displacement  of  the  edges  of  a plane 
crack,  which  Is  located  In  a powder  with  modulus  of  elasticity 
e and  Poisson  ratio  u,  was  performed  on  the  basis  of  the  classical 
methods  of  the  theory  of  elasticity  [Il6]  and  reduced  when 
|xl<l  to  an  expression  of  the  form 


From  (57)  and  (59)  it  follows  that  the  opening  of  maximum 
stable  crack  Is 


(60) 


The  final  result  of  work  [114]  was  the  determination  with 
(56),  (58),  (60)  of  the  boundary  of  the  region  of  the  stable 
dimensions  of  plane  crack. ; 


•T  \ 

-'I 


K(\  -1^-^  Vl,u 


(61) 


small  initial  width  (d^-^O),  such 
that  with  which  the  penetra- 
tion of  combustion  is  still 

I 

possible.  The  cohesive 


which  is  represented  graphically  in  the  form  of  curve  1 in  Fig,  57- 
To  the  left  of  curve  1 is  located  the  region  of  stable  cracks, 
to  the  right  - unstable  (growing) 
cracks.  The  greater  the  value 
of  the  modulus  of  cohesion, 
the  broader  the  region  of 
stability.  It  is  Interesting 
that  the  short  cracks  turn  out 
to  be  stable  with  a rather 


Figure  57.  The  stability  regions 
of  a burning  crack.  I-IV  - sta- 
bility regions;  1-3  - stability 
boundaries . 
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forces  compensate  for  the  expansion  of  cracks  of  small  length. 

The  dimensions  of  stable  cracks  of  zero  width  (dQ=0)  is  determined 
from  (61): 


(62) 


Such  are  the  basic  results  of  the  calculation  of  the  mechanical 
stability  of  a burning  crack  [llnj,  on  the  basis  of  which  the 
cause  of  crack  growth  is  the  excess  pressure,  which  arises  upon 
the  penetration  of  combustion  into  it. 


Before  moving  on  to  the  results  of  the  experimental  study 
of  the  stability  of  cracks  [liO],  it  is  necessary  to  note  the 
following  fact.  The  calculation  of  a pressure  increase  in  a 
deformed  crack  Ap^  is  of  independent  interest,  for  example  from 
the  viewpoint  of  evaluating  the  increase  in  the  gas  inflow  from 
the  burning  surface,  since  in  the  general  case  the  combustion 
rate  in  a crack  exceeds  the  corresponding  value  outside  it. 

As  will  be  clear  from  what  follows,  it  is  necessary  to  know 
the  value  of  Ap  in  cracks  whose  depth  exceeds  the  maximum  depth, 

M 

which  corresponds  to  the  boundary  of  mechanical  stability  (curve 
1,  Fig.  57).  At  the  same  time  the  direct  experimental  determina- 
tion of  Ap^  in  a closed  crack,  situated  in  the  depth  o"  a 
powder,  presents  considerable  difficulties. 

On  the  basis  of  the  approach  proposed  in  v;ork  [11^]  we  carried 
out  the  calculation  of  Ap^^  in  a deformed  pore  [110],  which 
differed  from  that  which  was  presented  above  in  terms  of  the  fact 
that  Instead  of  expression  Ap^(l/d)  of  form  (54),  valid  for  small 
AP|^,  the  experimental  dependence  (50)  was  the  basis  of  the  calcula- 
tion. This  made  it  possible  to  determine  excess  pressure  Ap^ 
over  a wide  range  of  its  variation  0.1Pq<Ap^<Pq  up  to  the  appear- 
ance of  sonic  discharge.  Furthermore,  expression  (50)  considers 


the  process  of  Ignition,  the  dependence  of  combustion  rate  on 
pressure  and  gas  velocity  in  the  crack,  and  also  the  unsteady-state 
effects;  therefore  it  is  not  necessary  to  Introduce  the  special 
assumptions,  which  concern  the  conditions  of  ignition  and  the 
nature  of  the  powder  combustion  in  the  crack.  Finally,  the 
calculation  carried  out  is  not  connected  with  the  examination 
of  the  mechanical  stability  of  the  cracks,  and  therefore  the 
obtained  results  can  be  applied  for  growing  cracks. 


Figure  58.  Determination  of 
the  value  of  excess  pressure 
in  a deformed  crack  by  the 
graphic  method. 


The  system  of  equation  (50), 
(58),  (59)  was  examined  whose 
solution  was  accomplished  by  the 
graphic  (Fig.  58)  and  analytical 
methods. 


It  was  shown  that  for  each  powder  there  is  a maximum  possible 

value  of  the  magnitude  of  pressure  Increase  Ap’>Ap  (d„,  Z„)  (see 

n u 0 

Fig  3).  The  magnitude  of  Ap^J^  is  a function  of  the  physico- 
chemical, physicomechanlcal  characteristics  of  a powder  and  is 
realized  in  cracks  with  a width  of  dQ=0  at  any  initial 

Simultaneously  solving  equations  (50)  and  (59)  when  n=l  and 
d=E,  we  obtain: 


i/ii: 


1 


(63) 


(APj!,  , Pq,  e are  expressed  in  kilograms  per  1 cm^ ) . 

Taking  (52)  into  account  the  following  empirical  exponential 
formula  was  selected  for  describing  dependence  (63): 


(64) 


Ap'  =G,5.1u-»i2^ 
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valid  when  1. 7Pq<UqE<30Pq * where  Uq=u(Pq)  Is  expressed  in 
millimeters  per  1 s.  From  (64)  it  follows  that  when  p^^const  the 
excess  pressure  is  determined  only  by  the  combustion  rate  and  by 
the  modulus  of  elasticity  whose  effect  on  the  magnitude  of 
is  identical. 


When  d^T^O  the  connection  between  ap^^  and  the  initial 
dimensions  of  a plane  pore  in  the  first  approximation,  is  described 
by  the  relationship 
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(65) 


Let  us  return  to  the  question  of  crack  growth.  The  experi- 
mental study  showed  [110]  that  disruption  of  mechanical  stability 
I does  not  lead  to  catastrophic  crack  growth.  There  is  a number  of 
I features,  specific  for  the  process  of  burning  crack  growth  which 
makes  examination  [114]  insufficient.  One  should  first  of  all 
consider  the  time  factor.  The  time  of  the  effect  of  elevated 
pressure  in  a burning  crack  due  to  the  combustion  is  extremely 
small  and  is  as  was  noted,  hundreths  of  a second.  In  connection 
with  this  the  rate  at  which  a crack  begins  to  grow  acquires 
great  significance. 


It  was  established  that  the  loss  of  stability  by  a burning 
crak  has  completely  different  consequences  depending  on  the 
magnitude  of  the  excess  pressure’  developed  in  it.  The  following 
three  characteristic  cases  aro  realized: 


1.  The  increase  in  crack  depth  during  the  time  of  the 
effect  of  bursting  pressure  is  negligibly  small.  Cracks,  unstable 
in  a mechanical  sense  (located  in  the  region  to  the  right  of  curve 
1 in  Fig.  57),  practically  retain  their  stability, 
occurs  when 
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his  case 


K' 


(66) 


2.  The  increase  In  crack  depth  during  the  time  of  the  effect 
jjof  excess  pressure  is  finite.  The  stopping  of  growth  is  caused 
by  the  finite  time  of  the  existence  of  excess  pressure  at  an 
insufficiently  high  growth  rate  as  compared  with  combustion  rate. 
'Let  us  call  this  growth  limited.  It  is  realized  when 


K" 


(67) 


where  K">K'>K. 

3.  The  Increase  in  crack  depth  due  to  growth  compensates  for 
the  Increase  in  crack  width  due  to  combustion  in  such  a way  that 
the  pressure  increase  always  remains  sufficient  for  the 
continuation  of  growth.  This  case  is  observed,  when 


(68) 


It  is  especially  necessary  to  note  that  the  difference  in 
values  K',  K"  from  K is  caused  by  the  need  for  the  taking  into 
account  the  growth  rate  and  is  not  connected  with  the  dependence 

of  the  modulus  of  cohesion  on  time.  The  boundaries  of  practical 
stability  and  of  self-sustaining  growth  cannot  be  obtained  purely 
by  calculation,  without  experiment,  since  the  calculation  of  growth 
rate  with  the  contemporary  development  of  theory  is  not  possible. 


Substitution  in  expressions  (66)-(68)  of  the  value  of 
maximum  pressure  from  formula  (65)  n.akes  it  possible  to  connect 
crack  stability  during  combustion  with  their  initial  dimensions. 

The  obtained  results  are  represented  schematically  in  Fig.  57. 
Plane  L^,  d,  is  broken  down  by^  curves  1,  2,  3 into  four  regions 
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s. 


[110]:  I - the  region  of  absolute  (mechanical)  stability  [114], 

II  - the  region  of  practical  stability.  III  - the  region  of 
limited  growth,  IV  - the  region  of  self-sustaining  growth. 


- Values  L' , 1,,  L are  determined  by  values  K,  K' , K"  and 

J. 

by  the  maximum  value  of  pressure  increase  Ap]^ : 


! A"  V-. 
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The  expansion  of  the  stability  region  in  comparison  with  the 
meci'ianical  calculation  is  mainly  caused  by  the  low  growth  te 
of  cracks  In  a powder  in  conjunction  with  the  brevity  of  the 
existence  of  excess  pressure  in  the  burning  crack. 


It  is  necessary  to  note  that  consideration  of  the  possibility 
of  stepping  crack  (self-stabilization)  growth,  which  arises, 
when  growtn  rate  does  not  greatly  exceed  combustion  rate.  Is  also 
contained  in  work  [114], 

The  experiments  carried  out  made  it  possible  to  reveal  the 
role  of  combustion  in  crack  devel ' pment . It  has  been  established 
that  in  the  Initial  stage  combustion  contributes  to  crack  growth 
since  the  penetration  of  combustion  in  the  pores,  which  are 
generated  in  the  end  part  of  a crack,  occurs  at  a high  rate.  In 
the  final  stage  combustion  can  have  a stabilizing  effect  which 
is  connected  with  the  burnout  of  the  crack  top  - stress 
concentrator. 


The  data  presented  in  § 22  correspond  to  the  case  when  the 
charge  contained  one  pore. 

§ 23.  Propagation  of  Convective  Combustion 
In  Porous  Explosives 

Let  us  move  on  to  an  examination  of  convective  combustion  in 
disordered  systems  when  in  the  charge  before  combustion  there  is 


set  of  pores  connected  with  each  other.  Let  us  attempt  to  answer 
the  question,  how  combustion  develops  after  disruption  of  stability. 
It  necessary  from  the  very  beginning  to  emphasize  that  this 
question  has  not  been  investigated  too  thoroughly.  The  concepts 
"existing  at  the  present  time  are  based  on  the  experimental  results, 
obtained  in  works  [10,  12,  32,  56,  63,  65-59,  120]. 

Experiments  are  conducted  with  explosives  which  were  poured 
or  pressed  in  batches  into  plexiglass  and  steel  shells.  The 
charges  were  usually  ignited  from  the  upper  open  end  of  the 
charge  in  such  a way  that  a convective  mode  arose,  fhotographlng 
Hrfas  carried  out  from  the  lateral  surface  of  the  chaJ-ge. 

The  characteristic  features  of  convective  combustion.  Typical 
-photoscannlngs  of  convective  combustion,  obtained  under 
different  conditions  of  carrying  out  experimentation,  are  shown 
in  Fig.  59.  The  nonuniformity  of  the  displacement  of  the  ignition 
-front,  expeclally  clearly  expressed  under  conditions  of  an 
"immured  charge"  setup  (Fig.  59a)  attracts  attention.  In  this 
case  the  scale  of  nonuniformity  is  rather  great  and  can  attain 
several  diameters  of  the  charge.  During  combustion  in  a Crawford 
bomb  (in  the  absence  of  "Immurement")  (Fig.  59b,  c)  the  non- 
uniformity  is  characterized  by  a smaller  scale,  In  a number  --f 
cases  the  recording  takes  a step-like  form  (Fig,  59b):  the 

combustion  rate  first  Increases  sharply,  then  decreases.  The 
flame  luminescence  usually  has  a banded  structure.  It  is  logical 
to  connect  [10,  32]  the  nonuniform  nature  of  the  recorded 
luminescence  with  the  fact  that  Ignition  of  the  internal  surface 
of  the  pores  by  penetrating  gas  Jets  of  combustion  products 
occurs  not  continuous  In  a front  line,  but  at  different  rates. 

The  pores,  situated  in  the  center  section  of  the  charge  are  ignited 
first,  t.hen  the  combustion  front  at  Individual  points  reaches  the 
lateral  surfece  propagates  from  them  in  all  directions  (on  the 
photographic  recording  this  is  recorded  in  the  form  of  peculiar 
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Figure  59.  Typical  photographs  of  tne  convective  combustion  of 
porous  charges;  a)  10%  polystyrene  +'j0%  A?  ("immured  charge");  b) 
10!i  polystyrene  Ai  ; c)  totryl;  b,  c)  combustion  in  a Crawford 

bomb . 


"tongues",  Fi:-.  5?a)  . Tnis  nature  of  the  development  of  the  process 
is  confirmed  by  the  results  of  high-speed  motion-picture  filming. 

It  was  noted  in  § 15  that  stable  combustion  is  not  disrupted 
simultaneously  over  the  entire  front,  but  at  individual  centers, 
which  are  the  largest  pores  of  the  charge.  This  fact,  and  also 
the  nature  of  the  optical  recordings  of  convective  combustion  give 
the  basis  to  assert  that  the  large  pores  will  be  Ignited,  into 
■which  the  combustion  products  especially  easily  penetrate,  which 
are  also  the  best  prepared  for  ignition.  A pressure  increase  in 
it  (large  pore),  vAuich.  also  leads  to  the  penetration  of  combustion 
into  the  smaller  pores'  promotes  t'ne  ssubsequent  propagation  of 
combustion  along  a lar'.ye  pore.  rhus , the  distribution  of  pores 
by  dimensions  '^the  heterogeneity  existing  in  the  explosives),  and 
also  the  possibility  of  interaction  between  pores  have  great 
Importance  in  the  propagat on  sT  convective  com.bustlon.  These 


In  this  type  '..f  syst^cs  o; 
a pore  be  maximum  in  o' sen 


.ievo'Iopment  it  Is  not  necessary  that 
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concepts  are  additionally  confirmed  by  the  following  experimental 
results.  Experiments  were  carried  out  [32],  in  which  a thin 
paper  served  as  the  bottom  of  the  charge.  During  convective 
combustion  the  paper  is  burnt  nonunlformly  at  individual  Joints, 
*whlle  during  stable  combustion  the  burning  was  uniform.  Further- 
more, extinguishment  was  accomplished  by  means  of  dropping  the 
pressure  of  the  specimens,  burning  in  a convective  mode,  which 
showed  the  existence  of  a system  of  branched  channels  with  traces 
of  combustion  in  them  [63]. 

Consequently,  the  entire  aggregate  of  cited  data  attests  to 
-:the  fact  that  the  convective  combustion  front  I'’  not  one- 
dlmonsional  and  is  bent. 

A characteristic  feature  of  the  convee^'lve  combustion  mode 
is  also  that  penetration  into  the  pores  is  accompanied  by  intense 
dispersion  (ejection)  of  substance  in  the  form  of  both  of  individual 
-grains  and  small  whole  pieces  which  are  carried  away  by  the 
gaseous  products  flowing  away  from  the  cha’^ge  surface, 

The  ejection  of  the  substance  whose  remains  can  be  frequently 
detected  on  the  bottom  of  the  bomb  after  the  experiment,  is 
recorded  well  on  the  frames  of  the  high-speed  motion-picture  film. 

At  the  moment  of  ejection  weakening  of  luminous  intensity  is 
usually  observed,  fubsequent  ignition  occurs  from  sections  of  the 
surface,  not  subject  to  ejection  [63]. 

Dispersion  is  the  consequence  of  the  presence  in  the  pores 
of  excess  pressure  and  especially  pronounced  during  the  combustion 
of  pressed  charges  which  are  characterized  by  low  mechanical 
strength 

This  effect  leads  to  a number  of  interesting  consequences. 

First  of  all  the  combustion  zone  is  expanded:  the  particles 


ejected  from  the  charge  surface  burn  in  a layer  of  considerable 
thickness . 

Furthermore,  the  dispersion  of  the  substance  limits  the 
increase  in  pressure  in  the  pores  and  is  one  of  the  stabilizing 
factors,  which  make  possible  combustion  at  high  rates  without  its 
transition  to  explosion.  In  this  respect  the  experiments  of 
Chuyko  [63]  and  Kondrlkov  [56]  are  very  significant  whose 
essence  consists  in  increasing  cohesion  between  the  particles  of 
the  substance  and  thereby  impeding  particle  escape.  In  these 
experiments  a sharp  increase  in  rate  was  observed  in  the  case  when 
the  charge  consisted  not  of  freely  poured,  but  of  particles 
cemented  to  each  other. 

However,  the  stabilizing  effect  of  dispersion  is  exhibited 
when  there  is  no  possibility  of  the  burning  up  of  ejected  particles, 
for  example  with  a small  length  of  the  charge  shell.  The  fact  is 
that  the  ejection  of  the  substance  leads  to  the  formation  of 
reactive  suspended  matter  which  burns  to  the  final  products  with 
sufficient  length  of  the  gas-outlet  tube.  The  accelerated  com- 
bustion of  suspended  matter  is  accompanied  by  a rapid  pressure 
buildup  above  the  charge  surface,  which  causes  intensive  penetra- 
tion of  gases  at  high  temperature  into  the  pores,  the  result  of 
’Which  is  a further  increase  in  the  combustion  surface  and 
combustion  rate'. 

Thus,  the  convective  combustion  of  powder  shavings,  placed 
in  long  tubes,  occurred  Initially  at  a low  and  almost  constant 
velocity;  in  proportion  to  tne  submersion  of  combustion  from  the 


'Pressure  during  the  combustl sn  of  suspended  matter  can  Increase 
so  rapidly  and  Intensively,  that  detonation  of  the  remaining  part 
of  the  explosive  charge  arises.  Andreev  examined  [72]  the  explosion 
of  suspended  matter  formed  during  combustion  as  one  of  the  basic 
v;ays  for  the  transition  of  combustion  into  detonation.  The 
possibility  of  this  mechanism  for  poured  charges  was  experimentally 
snown  by  the  authors  (see  i 27). 


upper  section  of  the  tube  the  rate  of  the  process  lnc_^roased  by 
hundreds  of  times  C56]. 

On  the  basis  of  what  was  discussed  above  the  model  of 
convective  combustion  can  be  represented  by  the  following 
simplified  diagram.  The  leading  front  of  the  gaseous  combustion 
products  as  well  as  the  ignition  front  moving  at  a slower  rate . 
are  uneven  and  greatly  distorted.  The  combustion  zone  has  a 
considerable  extent  and  contains  a large  q”antlty  of  explosive 
volumes  whose  dimension  decreases  both  as  a result  of  combustion 
-from  the  surface  and  ti.e  destruction  of  individual  sm^all  porous 
"pieces  of  explosives  by  the  excess  pressure  in  the  pores.  The 
development  combustion  surface  makes  it  possible  to  understand 
the  existence  of  high  propagation  rates.  The  presence  of  a gas 
■flow,  which  blows  the  explosive  particles  out,  leads  as  a result 
of  erosion  to  an  Increase  in  their  combustion  rate,  whiich  in 
.conjunction  with  high  pressure  contributes  to  the  Intense 
combustion  of  the  suspended  matter.  The  examined  model  is  similar 
-to  the  miCdel  of  the  large-scale  turbulent  combustion  of  gas 
systems.  Therefore  in  developing  the  theory  of  convective  combus- 
tion it  is  expedient  to  employ  the  approaches  which  put  together 
in  the  theory  of  turbulent  combustion. 

Convective  combustion  modes.  Depending  on  the  conditions  of 
the  experiment  and  first  of  all  on  the  relationship  between  the 
gas  inflow  and  the  gas  otuflow  different  propagation  modes  are 
observed.  As  a rule,  the  process  has  an  un^ teedy-state  nature: 
the  rate  of  convective  combustion  Increases  or  decreases  along 
the  length  of  the  charge.  However,  if  combustion  is  carried  out 
in  the  atmosphere  or  in  a Crawford  bomb  (with  the  filling  of  the 
pores  with  an  inert  gas),  then  the  convective  combustion  of  porous 
charges  with  a blind  bottom  occurs  at  practically  a constant  rate 
along  the  length  of  the  charge  (see  Fig.  59c),  complete  analogy 
with  the  Ignition  of  a blind  single  pore  Is  observed.  This  mode. 
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which  it  Is  expedient  to  call  quasl-steady-state , has  been 
investigated  most  minutely. 


Quasi -steady-state  mode  of  convective  combustion.  Let  us 

examine  the  basic  laws  governing  the  propagation  of  a quasi- 
steady-state mode.  The  effect  on  the  rate  of  convective  combustion 
of  density,  explosive  particle  dimension,  charge  diameter  and 
pressure  was  studied  in  [32],  Homogeneous  explosives  (PETN, 
cyclonjte,  tetryl)  were  pressed  into  plexiglass  tubes  5 mm  in 
diameter  (height  35  nim)  with  a blind  bottom  and  were  burnt  in  a 
BD-1000  bomb  at  pressures  of  up  to  1000  atm. 


The  dependence  of  combus- 
tion rate  on  pressure  for  spei- 
^mens  of  PETN  with  different 
dlsperslty  and  density  is  re- 
presented in  Fig.  60.  In  the 
region  of  low  o'^essures  stable 
laminar  Gombu..uion  is  observed 
whose  rate  barely  depends  on 
density  and  increase  linearly 
with  pressure.  Upon  attaining 
critical  pressure  a sharp 
increase  in  rate  occurs  and 
a convective  mode  arises, 
a characteristic  feature  of 
which  is  the  strong  depend- 
ence of  combustion  rate  on 

V * 

pressure  u^=bp  , where  v’>l. 

A certain  weakening  of 

dependence  u (p)  at  high 
6 

pressures  is  connected  with  the 
explosive  powder  with  gas 
an  inert  additive,  which 


Figure  60.  The  dependence  of 
PETN  combustion  rate  wlih  various 
dirperslty  and  density  on  pres- 
sure size  (m)  and  density 

(g/cm^:  1 - 200  y and  1.08 

g/cm^;  2 - 200  and  1.17;  3 - 20 
and  0.5;  ^ - 20  and  0.71;  5-20 

y and  1.17  g/cm  . 


effect  of  the  dilution  of  the 
(nitrogen),  which  fulfills  the  role  of 
reduces  tne  temperature  of  the  combustion 
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products  penetratlnt^  into  pores.  The  mass  of  nitrogen  Increases 
with  a decrease  in  the  explosl'/e  density  and  \vlth  an  increase 
In  pressure. 

It  Is  interestinj’:  that  the  dependence  of  convective  combustion 
rate  on  density  (at  constant  pressure)  (Pig.  61)  takes  the  form, 

similar  to  that  which  is  observed 
during  the  ignition  of  a single 
pore  (see  Fig.  51).  In  pro- 
portloii  to  the  increase  in 
density  (decrease  in  pore 
diameter)  the  convective  com- 
bustion rate  increases,  and 
then  falls  off.  The  rate  of 
convective  combustion  is  maximum 
at  a certain  optimum  density 
whose  value  is  close  to  that  at 
which  the  maximum  specific  sur- 
face area  of  the  pores  is  observed  (see  Fig.  1^). 

In  contrast  to  normal  the  convective  combustion  rate  is 
significantly  affected  [32,  56]  by  the  diameter  of  the  charge 
(Fig.  62).  An  increase  in  combustion  rate  with  an  increase  in 
diameter,  especially  pronounced  at  low  densities,  is  not 
connected  with  variation  in  the  lateral  heat  losses. 


U^,  ■ ■ 


Figure  6l.  Dependence  of  the 
mass  flow  rate  of  cunvectlve 
Combustion  on  relative  density 
at  a pressure  of  1000  atm. 

( rETh' , r=20  VI ) . 


Figure  62,  Dependence  of  convec- 
tive combustion  rate  on  charge 
diameter  (cyclonlte,  r=l30  u, 

■3 

p=1.15  g/cm.  , p=^0  atm.). 


During  a quasi-steady-atate  combustion  mode  equilibrium 
Is  established  between  the  gan  Inflow  and  the  gas  outflow,  which 
with  a limited  length  of  the  charge  Is  stable.  On  the  basis  of 
the  available  experimental  results  and  taking  Into  account  the 
data,  obtained  In  § lb,  let  us  attempt  to  establish  the  law  of 
"variation  in  the  quasl-steady-state  convective  combustion  rate. 

For  large  pores  under  conditions  when  a Jet  mechanism  of 
penetration  of  combustion  into  tlie  charge  pores  occurs,  the 
following,  evaluatlonal  variants  are  possible. 

1.  Let  us  assume  that  combustion  rate  u^  beyond  the  stability 

limit  exceeds  the  normal  rate  u„  as  a result  of  increase  AS  in 

0 

combustion  surface  due  to  the  Ignition  of  poi-es  at  a certain 

depth,  i.e.,  N*u  /u  =1+AS/S,..  After  appropriate  substitutions 

and  the  Introduction  of  the  variable  n=<f>/<}>'  (<p=p  u a),  which  shows, 

how  far  from  the  limit  combustion  goes  (see  § 16),  we  obtain,  that 

N'vn(l+a^n).  V/lth  large  n,  I.e.,  far  from  the  limit,  the  ratio  of 

the  convective  combustion  rate  to  the  normal  combustion  rate  at 

2 

the  same  pressure  increases  as  n . 

2.  Let  us  employ  the  result  of  [162],  wliere  for  the  rate 
of  movement  of  the  Ignition  front  u which  moves  behind  the  flow 

Q 

cf  hot  gas,  which  Is  flowing  into  a pore  at  rate  v,  an  expression 
of  the  following  typ^e  Is  obtained 


— 1 .1  _ 


1_L 

It 


(69) 


Assuming  rate  v to  be  equal  to  the  rate  of  the  combustion  product 

2 2 

stream,  flowing  into  a pore,  we  obtain:  N'vn  /(pn  , where  a2  - 

a constant,  which  depends  on  the  charge  characteristics.  When 
pn‘^<<a,-,  we  obtain  L'on'^,  and  wljen  pn  >>a^  N-^il/p,  i.e.,  the  rate 
of  the  Ignition  front  falls  off  with  an  increase  in  pressure. 


Figure  C3  gives  the  processing  of  the  experimental  data  [32, 
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Figure  63.  Generalized  dependence  of  the 
quasl-steady-state  convective  combustion 
rate  of  powdered  charges.  1,  3,  ^ - PETN 
[32];  2 - cyclonlte;  5-8  - octogen  [HMX] 
[176];  average  particle  size  (y)  and 

density  (g/cm^):  1 - 200  y and  1.17 

g/cm^;  2 - 200  and  I.08;  3 - 200  and  1.07; 
A - 20  and  1.17;  5 - ^00  1.2;  6 - 110  and 
1.05;  7-70  and  1.07;  8 - 60  y and  I.08 

- 5 

g/cm  . 


32]  on  the  combustion  of  powdered  charges  of  several  explosives. 

In  spite  of  the  great  variance  In  the  data,  connected  with  the 
poor  reproducibility  of  the  convective  combustion  rates,  a specific 
correlation,  close  to  that  which  is  expected,  exists.  Extremely 
interesting  v;ould  be  the  obtaining  of  results  in  the  parametric 
domain,  where  N'vl/p.  Here  it  is  possible  to  indicate  Margolin's 
experiments  with  mercury  fulminate  in  which  a drop  in  the 
mechanical  effect  of  the  convective  combustion  of  charges  with  a 
significant  (300-500  atm.)  increase  in  pressure  was  observed.  It 
is  possible  that  a certain  role  in  this  phenomenon  (along  with 
the  dilution  of  the  pores  by  nitrogen)  could  be  played  by  the  drop 
In  the  convective  combustion  propagation  rate.  This  Is  all  the  more 
probable  since  at  the  indicated  pressures  N attained  values  of 
the  order  of  hundreds,  whereas  In  experiments  with  other  sub- 
stances it  usually  did  not  exceed  ten. 

The  question  touched  on  here  has  been  worked  out  quite  poorly. 
In  refining  it  is  necessary  to  consider  the  real  pattern  of 
convective  combustion  when  the  propagation  of  the  combustion  front 
does  not  move  in  a continuous  front,  but  due  to  the  individual 
streams  which  penetrate  into  the  depth  of  the  charge. 

Let  us  examine  the  nature  of  convective  combustion  propagation 
during  the  combustion  of  a charge  under  conditions  of  increasing 
pressure  and  of  an  "Immured  charge"  setup.  Under  these  conditions 
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the  development  of  convective  combustion  Is  usually  unsteady-state. 
At  a pressure,  close  to  critical,  convective  combustion  which 
began  at  a low  rate  can  be.  retarded  and  pass  over  to  laminar 
combustion  (see  Fig.  3^).  The  damping  of  the  process  Is  connected 
with  the  contraction  of  the  gaseous  products,  which  outstripped  the 
Ignition  front,  at  the  closed  bottom  end. 

Far  from  critical  conditions  and  when  using  long  charges  the 
convective  combustion  rate  Increases  In  proportion  to  propagation, 
and  the  process  Is  accelerated.  The  accelerated  convective 
combustion  mode  Is  characterized  by  deep  pulsations  (see  Fig.  59a), 
which  attests  to  Intense  distortion  of  the  ignition  front. 

In  the  development  of  convective  combustion  the  determinant 
role  Is  played  by  the  pores,  existing  In  the  charge.  The  pores 
along  which  convective  combustion  Is  propagated,  can  also  be 
formed  In  the  combustion  process,  which  is  observed,  for  example, 
if  an  explosive  charge  burns  in  a closed  deformed ’ shell  [120]. 

This  effect  has  great  significance  first  of  all  In  the  combustion 
of  very  dense  '':'st  and  pressed)  charges.  The  formation  of  pores 
occurs  as  a result  of  the  expansion  of  the  internal  duct  of  the 
shell  due  to  the  bursting  effect  of  elevated  pressure  In  it.  The 
general  pattern  of  pore  formation  was  obtained  In  experiments  In 
which  part  of  the  explosive,  pressed  to  high  density  6=0.98 
directly  into  a shell,  was  replaced  by  an  inert  substance.  Analysis 
of  the  state  of  the  Inert  substance  (after  combustion)  shov;ed  that 
the  gas  permeation  occurred  along  the  gap  between  the  charge  and 
the  shell,  and  also  along  the  system  of  cracks,  which  formed  on 
the  lateral  charge  surface. 

The  existence  of  this  effect  was  additionally  confirmed  by 
the  following  experiments.  Charges  with  a diameter  of  d^=10  mm 
made  from  a mixture  of  ammonium  perchlorate  with  polystyrene 
(5=0.98)  were  burnt  and  recording  of  pressure  p(t)  was  carried 
out  in  the  combustion  process,.  In  part  of  the  experiments  the 


178 


nlxture  was  pressed  into  a thin-walled  (A=5  nun)  steel  shell,  in 
another  part  of  the  experiments  an  inserted  charge,  armored  over 
the  entire  surface,  except  the  upper  end  and  not  directly  touching 
the  thick-walled  (A=20  mm)  shell  was  used.  In  the  latter  case 
the  charge  during  combustion  was  found  under  conditions  of 
volumetric  compression.  The  density  of  charging  was  maintained 
constant.  It  was  established  that  during  combustion  of  a charge, 
pressed  directly  into  a thin-walled  shell,  recording  of  p(t) 
experienced  on  abrupt  salient  point,  attesting  to  the  acceleration 
of  process  at  a pressure  of  p2l  kbar^.  The  combustion  of  the 
inserted  charge  which  was  not  in  contact  with  the  shell,  to  the 
end  was  laminar;  in  this  case  the  pressure  in  the  shell  exceeded 
4000  atm. 

Thus,  the  possibility  of  the  propagation  of  convective  com- 
bustion along  the  pores,  wnlch  form  as  a result  of  the  separation 
of  the  charge  from  the  shell,  it  is  necessary  to  consider  in 
analyzing  the  development  of  explosion. 

V/ith  accelerated  unsteady-state  propagation  of  convective 
combustion  in  a porous  charge  a continuous  pressure  increase  in 
the  combustion  zone  occurs  which  leads  to  a further  Increase  in 
the  rate  of  the  process.  From  the  considerations,  discussed  above 
(P6*  154  )j  it  follows  that  a boundless  increase  in  velocity  is 
not  possible  and  stabilization  of  the  process  at  a convective 
combustion  rate,  close  to  the  speed  of  sound  in  the  products  should 
be  observed.  Kov;ever,  during  the  ignition  of  a porous  explosive 
charge  of  sufficient  length  at  the  closed  end  this  limiting  case 
of  the  propagation  of  convective  combustion  is  practically  not 
realized.  The  fact  is  that  in  proportion  to  the  Increase  in  the 
rate  of  the  process  the  intensity  of  the  compression  v:aves 

' Calculation  with  the  application  of  the  formulas  of  elasticity 
theory  shows  that  at  pressure  p=l  kbar  the  expansion  of  the 
internal  channel  of  the  steel  shell  (d^=10  mm,  A=5  mm)  is 

ulO  u. 
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Increases,  which  move  In  front  of  the  ignition  front,  and  at 
certain  threshold  wave  of  compi’esslon  rate  becomes  capable  of 
initiating  a chemical  reaction.  Replacement  of  the  mechanism  of 
^reaction  excitation  occurs,  and  the  convective  combustion  mode 
converts  to  the  low-speed  wave  mode.  The  value  of  the  threshold 
rate  is  determined  in  experiments  in  which  the  explosive  charge 
is  completely  separated  by  a plate  from  the  inert  material  (steel, 
plexiglass)  [122  , 125>].  The  plate  eliminates  the  penetration  of 
the  gaseous  combustion  products  and,  therefore,  cuts  off  convective 
combustion;  hov/ever,  it  does  not  prevent  the  passage  of 
compression  waves.  This  systematic  procedure  makes  it  possible 
to  separate  convective  combustion  from  the  low-speed  vjave  mode. 

It  was  experimentally  established  that  for  powerful  compacted 
explosives  (PETN,  cyclonite)  the  value  of  the  threshold  rate 
(maximum  value  of  the  convective  combustion  rate)  is  700-800  m/s 
[120,  127],  i.e.,  it  is  considerably  lower  than  that  at  which  one 
would  expectc'i  stabilization  of  the  convective  mode. 

Figure  64  depicts  a typical  photograph  of  the  process,  which 
arises  during  the  ignition  of  FETI.  witij  a density  of  p = 1.45  g/cm 
in  a closed  plexiglass  shell.  It  is  evident  that  practically 
immediately  after  ignition  the  convective  combustion  mode  arises 
with  a char-icterlstlc  "torn"  front  ^ whose  rate  increases  in 
in  proportion  to  propagation,  ana  attains  a value  of  tens  and 
hundreds  of  meters  per  second,  which  Is  accompanied  by  a decrease 
in  the  pulsations  at  the  luminescent  front.  The  further  increase 
in  the  rate  to  900-1000  m/s  is  characterized,  as  a rule,  by  a 
variation  in  the  slope  on  the  photographic  recording,  which  is 
connected  with  the  appearance  of  the  low-speed  mode.  Actually, 
t Ir  the  Ccse  of  placing  a steel  plate  In  this  zone,  which  separates 
the  explosive  charge,  the  process  passed  through  the  plate  with 


^The  laminar  combustion  stage  is  slightly  extended,  since  the 
pressure  in  the  closed  volume  rapidly  Increases  and  it  attains  the 
critical  cutoff  value. 


Figure  64.  Development  of  explosion  during  ignition  (PETN,  p= 

= 1.^5  g/c.n^j  r=500  Pj  ^3"-  mni)  . 

"certain  decrease  in  rate,  which  was  then  Increased  to  the  previous 
value  (Fig.  65),  in  this  case  the  integrity  of  plate  was  retained. 


Figure  65.  Photograph  of  the  propagation  of  the  process  wlch  the 
separation  of  the  charge  by  an  inert  barrier,  situated  in  the  zone 
of  the  low-speed  mode  {PETN,  p=1.45  g/cm3,  r=500  y,  d =5  mm). 


B,  LOW-SPEED  WAVE  PROCESS  OF  EXPLOSIVE 
CONVERSION 


In  accordance  with  the  general  system  of  development  of  an 
“sexploslon  (Pig.  4A)  convective  combustion  converts  to  the  low- 
speed  process  of  explosive  conversion  [HCP]  (NSR),  which  in  the 
majority  of  cases  precedes  the  emergence  of  normal  detonation. 
_Figure  66  depicts  the  photograph  of  the  transition  of  combustion 
to  detonation  for  the  case  when  the  development  of  exoloslon 
passes  through  the  basic  stages:  convective  combustion  - low- 

speed  process  - detonation.  


Figure  66.  Photograph  of  the  transi- 
tion of  combustion  of  PETN  Into  deto- 
nation (p=1.55  g/cm’). 


The  velocity  of  the  low-speed  process  is  substantially 
lower  (2-10  times)  than  the  rate  of  normal  detonation.  At 
present  the  wave  nature  of  the  low-speed  process  has  been  proven: 
the  chemical  reaction  is  initiated  by  the  compression  wave  moving 
along  the  explosive  charge  [120,  125-127].  Low-speed  conditions 
appear  both  during  the  ignition  of  explosives  in  a shell  and 
under  the  influence  on  the  explosives  of  a weak  shock  wave. 

The  propagation  of  the  low-speed  process  in  powder  charges 
of  explosives  was  observed  for  the  first  time  by  Apln  and 
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Bobolev  [1323. ‘ Considerably  later  the  possibility  was  shown  of 
the  propagation  of  NSR  In  high  density  (cast  and  pressed)  charges 
of  explosives  [13,  120,  122,  125-129,  131,  159].  ^ “ 

The  existence  of  low-speed  conditions  has  been  established 
now  for  a wide  circle  of  homogeneous,  mixture  and  initiating 
explosives.  As  a rule,  the  low-speed  process  develops  In  systems 
which  are  capable  of  normal  detonation. 

Lntll  recently  it  was  considered  that  the  low-speed  process 
Is  an  unstable  process  which  must  die  out  or  convert  to  normal 
detonation.  An  Important  result  of  the  investigations  carried 
out  in  recent  years  lies  In  the  fact  that  the  conditions  were 
determined  at  which  the  propagation  of  NSR  stably,  at  a 

constant  velocity  along  the  length  of  the  charge  up  to  a con- 
siderable distance  (on  the  order  of  ^0-50  diameters  of  the 
charge ) . 

The  isolation  of  the  stability  region  made  it  possible  to 
conduct  a systematic  and  detailed  study  of  the  propagation  of 
lew-speed  conditions.  Initially  this  type  of  Investigation  was 
carried  out  v;lth  powder-like,  and  then  also  with  high  density 
charges  of  explosives. 


§ 2^.  Lav/s  Governing  the  Stable  Propagation 
of  a Low-Speed  Process 


While  following  the  general  nature  of  t.he  presentation  of 
material,  let  us  examine  initially  the  laws  governing  the  stable 
propagation  of  a low-speed  process.  To  powder-like  charges  we 


*Low- velocity  conditions  in  powder-like  explosives  are  usually 
called  detonation  at  low  speed. 


will  apply  the  term  "detonation  at  low  speed"  ("low-speed  detona- 
tion"), for  high  density  charges  - "low-speed  process"  (see 
pg.  110). 

The  Propagation  of  Detonation  at  Low. Speed  In 
Powder-Like  Explosives  [122,  13^-136] 

Mainly  homogeneous  explosives  (trotyl , tetryl ,fPETM , cyclo- 
nlte)  have  been  investigated  in  great  detail.  The  coarse- 
crystalline  powders  of  explosives  were  placed  Into  thin-walled 
shells  made  of  cellophane  or  plexiglass.  The  initiation  of 
detonation  at  low  speed  was  realized  by  a weak  shock  wave, 
appearing  during  the  explosion  of  a special  active  charge.  It 
was  established  [135]  that  If  a stable  process  appears,  then 
Its  velocity  does  not  depend  on  the  power  of  Initiation.  Steadi- 
ness of  the  propagation  of  the  process  was  also  investigated  by 
changing  the  length  of  the  charge:  the  maximum  length,  at  which 

a stable  small  detonation  velocity  was  spread,  was  500  mm. 

The  stable  propagation  of  detonation  at  low  sneed  was 
observed  at  specific  values  of  size  of  exolosive  particles  and 
diameter  of  charge.  The  dependence  of  the  rate  of  the  process  on 
the  diameter  of  charge  for  the  powders  of  tetryl  and  PETN  of 
different  disperlsty  is  presented  in  Fig.  67- 


Figure  67.  Dependence 
of  the  rate  of  low- 
sneed  (light  figures) 
and  high-speed  (dark 
figures)  detonation  on 
the  diameter  of  charge 
[135].  a)  tetryl,  p=0. 

g/cm^;  1 - r=0.5;  2 - 
0.8;  3 - 1.3  mm.  b) 

PETN,  0=0.95  g/cm^;  1 - 
r=1.3;  2 - 2.0,  3 - 

^ . 2 mm . 


The  stability  region  of  propagation  is  limited  above  and 
below  by  values  of  the  diameters  of  the  charge,  the  extent  of 
which  Is  approximately  proportional  to  the  initial  particle 
sites  of  the  explosive. 

Outside  the  region  of  stable  propagation  with  small  diameters 
the  prooest  dies  out,  with  larger  diameters  it  converts  to  a 
normal  high-speed  detonation.  In  this  case  the  maximum  speed 
of  low-speed  detonation  (2000-2300  m/s)  does  not  denend  on 
the  dlsperslty  of  the  substance  and  is  virtually  Identical  for 
different  explosives. 

As  can  be  seen  from  Fig.  67,  the  rate  of  stable  low-speed 
detonation  Increases  with  an  increase  in  the  diameter  of  charge 
and  decrease  In  the  size  of  particles. 


The  "aquarium'’  method  [135]  and  the  electromagnetic  method 
[122,  136]  were  used  to  measure  the  pressures  in  the  wave  of 
■a  low-speed  detonation,  the  findings  ai-e  given  in  Table  9* 


Table  9.  Pressure  in  a wave  of  low-speed 
detonation. 
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Pressure  in  the  wave  of  the  normal  detonation  of  the 
Investigated  powder-like  charges  is  approximately  50  l:bar. 


From  the  data  In  Table  9 it  follows  that  the  pressures 
during  low-speed  detonation  conditions  comprises  7.5-15  kbars 
and  Is  considerably  lower  than  the  pressures  attained  during 
normal  detonation  In  the  same  diameters  of  a charge.  Another 
feature  of  the  considered  process  lies  in  the  fact  that  during 
the  propagation  of  low-speed  detonation  only  an  Insignificant 
part  of  the  total  energy  Is  given  off:  In  accordance  with  results 

of  [135,  136]  the  heat  release  does  not  exceed  30-35^  of  energy 
during  normal  detonation. 

In  works  [13^,  135]  the  results  are  exnlalned,  on  the 
strength  of  the  model  of  "explosive”  combustion  [l67],  according 
to  which  the  chemical  reaction  flovjs  In  the  form  of  the  surface 
combustion  of  separate  grains  of  explosives.  One  of  the  basic 
reasons  In  favor  of  the  aopllcabllity  of  the  indicated  model 
entails  the  fact  that  the  lower  and  upper  values  of  the  diameters 
of  the  charge,  which  limit  the  region  of  stable  propagation 
of  low-speed  detonation,  are  proportional  to  the  initial  particle 
size . 


Density  effect  of  charge.  At  It  was  noted,  the  data  available 
in  the  literature  on  lov;-speed  conditions  were  acquired  on 
systems  either  of  bulk  or  high  density.  Investigations  at 
intermediate  densities  were  not  conducted. 

In  the  tests  made  by  the  authors  the  cossiblllty  was  shown 
of  tne  stable  propagation  of  the  low— speed  orocess  at  Inter- 
mediate charge  densities,  which  made  it  possible  to  determine 
In  the  example  of  PETN  the  nature  of  the  dependence  of  the 
velocity  of  the  process  on  density.  The  stable  nropagatlon  of 
lov;-speed  conditions  was  observed,  if  PETN  with  the  initial  partlcl 
sizes  r=1.0-1.25  mm  was  enclosed  in  a low-strength  shell  made 
of  plexiglass.  Charge  density  varies  from  0.95  to  1.68-1.70  g/cm^. 


At  a density  p>l,70  g/cm^  under  these  conditions  the  process 
died  out.  The  resulting  data  are  given  In  Fig.  68.  It  Is  evident 

3 

that  the  velocity  of  the  process  In  charges  of  1.45-1.70  g/cm 
density  In  practice  does  not  depend  on  the  value  of  the  latter 
120].  At  lessor  densities  the  velocity  rises  with  a decrease 
In  density  (approximately  W'vi/p  ) . 


Figure  68.  Deoendence  of  the 
velocity  of  lov;-sreed  conditions 
on  density  (PETN,  r=1.0-1.25  mm, 
d^=5  mm,  plexiglass  shell). 


Thus  v/lth  the  apcroorlate  selection  of  test  conditions  It 
Is  possible  to  obtain  the  stable  propagation  of  a low-speed 
process  In  charges  with  different  density. 

There  Is  a great  deal  of  interest  in  the  study  of  the 
propagation  of  the  low-speed  process  In  high  density  charges 
of  explosives.  The  fact  Is  that  unllKe  low-density  explosives 
during  the  propagation  of  a low-speed  pi^ocess  In  a high  density 
charge  a substantial  change  in  the  specific  volume  of  substance 
at  the  front  of  the  compression  wave  does  not  occur,  and  the 
phenomenon  Is  not  distorted  by  the  complex  picture  which  appears 
with  the  collapse  of  pores.  It  seemed  that  the  low-speed 
conditions  in  high  density  and  low-density  systems  have  a common 
nature.  All  this  determined  the  approach  to  the  problem  [166], 
which  was  based  on  the  attempt  to  explain  the  basic  laws  and 
to  understand  the  nature  of  low-speed  conditions  on  a simple 
model,  which  is  a high  density  charge  of  explosives.  This 
approach  seems  advisable  first  of  all  because  at  present  there 
Is  no  theory  and  physically  substantiated  mechanism  of  a low- 
speed  process. 
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Propagation  of  a Low-Speed  Process  In 
High  Density  Explosives 

A Study  was  made  of  the  stable  propagation  of  NSR  in  charges 
of  homogeneous  explosives  of  high  density  [127-129,  131,  l66]. 

Tn  work  [127]  It  was  noted  that  the  velocity  of  NSR  In  the  layer 
of  PETN  (5*0.95),  pressed  between  flat  surfaces  made  from,  plexi- 
glass, was  approximately  1000  m/s.  Propagation  In  cast  trotyl, 
enclosed  In  a steel  tube  (wall  thickness  10-15  mm),  occurred  at 
a cc.'^stant  velocity  of  1800-2200  m/s  [131].  The  observed  values 
of  the  velocity  of  NSR  were  below  or  close  to  the  speed  of  sound 
In  the  initial  excloslves  and  changed  within  narrow  limits. 
Investigations  [^27,  131]  'were  conducted  under  conditions  when 
the  param.eters  of  the  shell  wore  invariable.  At  the  same  time 
it  is  necessary  to  em:ohasize  that  ti^e  stable  cronagation  of  th“ 
iow-sreed  process  in  high  density  secondary  explosives  is 
observed  only  If  the  exolosive  Is  surrounded  by  a sufficiently 
durable  shell,  which  testifies  to  its  ImiPortant  role  in  the 
preparation  of  NSR. 

Gystertatic  studies  for  an  exolanation  of  the  influence  of 
the  shell  on  the  velocity  of  the  low-speed  orocess  were  carried 
cut  in  works  [126,  129,  l66]. 

If  an  exam.cle  of  FETN  the  dependence  of  the  velocity  of 
the  stable  low-speed  mode  \>I  on  wall  thickness  A (strength)  of 
a steel  shell  was  studied  in  detail  by  the  ootlcal  method.  PETN 
with  particle  sizes  of  500  umv;as  rr'^ssed  by  the  batch  method 
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directly  into  a shell  m.ade  of  steel  A5  to  density  o=1.73  g/cm 
(relative  density  0.975).  The  inner  diam.eter  of  the  shell  was 
ecual  to  5 m.m,  the  length  of  charge  150-250  mm.  The  wall  thick- 
ness of  the  shell  changed  after  every  0.5  mm.  These  simply 
forr;ulated  excerlmen’s  made  it  possible  not  only  to  explain  th“ 
role  of  the  shell,  but  also  to  obtain  a series  of  fundamentally 


new  results  concerning  the  laws  governing  the  propagation  of 
NSR. 


The  Initiation  of  the  low-speed  process  was  realized  In 
essence  by  Ignition  In  the  enclosed  end  of  the  charge  through 
a pln-lgnlter,  and  also  by  a weak  shock  wave  with  a known  amolltude, 
appearing  during  the  detonation  of  a special  charge.  It  was 
shown  that  the  velocity  of  the  process  does  not  depend  on  the 
method  of  Initiation.  With  the  aid  of  triggered  photorecording 
measurement  was  made  of  the  velocity  of  the  process  on  the 
section  of  a steady-state  process  through  radial  openings  In  the 
shell  (0.8  mm  In  diameter),  arranged  at  a distance  of  20  mm 
from  each  other.  Photographing  the  process  was  conducted  In 
natural  light. 

Besides  velocity  measurement  of  the  low-speed  process, 
the  dynamic  strength  was  determined  for  the  shells  used  under 
conditions  of  loading,  close  to  those  that  occur  during  the 
emergence  of  the  low-speed  process.  For  this  purpose  In  a 
separate  s<=t  of  tests  using  the  piezoelectric  method  the  direct 
measurement  v;as  made  of  maximum  pressure  p'  which  appears  In 
the  channel  of  the  shell  at  the  moment  of  Its  destruction.  The 
recording  of  pressure  was  made  near  the  point  of  Ignition,  close 
to  v;hich  (at  a distance  of  10-15  mm)  the  destruction  of  the 
shell  took  place.  The  piezoelectric  gauge  and  registering 
apparatus  used  made  It  possible  to  record  pressure  to  12  kbar 
with  a speed  of  build-up  dp/dt<0.3  kbar/us . 

Let  us  examine  the  results,  obtained.  It  was  shown  that  the 
lov;-speed  process  In  PETN  Is  established  at  a distance  of  20-30 
mm  from  the  point  of  ignition  and  Is  propagated  stably  at  a rate 
which  is  constant  In  length  to  the  remaining  (about  30-40  d^) 


part  of  the  charge.'  Figure  u9  shows  characteristic  optical 
photographs.  Oi  the  curve  of  Pig.  70  the  dependence  of  the  velocity 
of  the  process  on  t tie  wall  thickness  of  a steel  shell  Is  presented 
[lee].  These  i-osults  coi'resrond  1,0  the  section  of  a steady- 
state  process.  Eac.'i  polijt  on  the  curve  W(A)  Is  the  average  value 
of  3-h  lests. 


Figure  69.  Photograph  of  tlie  propagation  of  a low-speed  process 

at  different  velocity  (PETIl,  r=500  pm,  o=1.75  g/cnr^,  d^^S  mm, 

steel  shell).  r.)  W=150C  m/s;  A = 1.9  imn;  b)  W=2^00  m/s;  A=l*.0  mm; 
V/=3300  m/s;  A = 12.5  rum. 


Figure  70.  Der-endenco  of  the  velocity 
of  a low-speed  process  (W)  on  the  wall 
thickness  of  a steel  shell  (PETN,  r=500 

pm,  p=1.73  g/cm^,  d^=5  mm). 


'Shells  v/ith  a wall  thickness  A<b  mm  were  destroyed  in  the  process 
of  the  test,  thicker  walled  sliells  retained  their  completeness. 





As  it  follows  from  the  findings,  the  velocity  of  NSR  varies 
continuously  from  1300-to  3300  m/s.  With  an  increase  in  the  wall 
thickness  of  the  shell  from  1.3  to  2 mm  the  velocity  Increases 
from  1300  to  2000  m/s,  then  with  mm  a section  of  slowing 

down  of  an  Increase  In  velocity  is  observed.  In  shells  with 
mm  the  velocity  of  the  process  again  increases  and  reaches 
(with  A2^8  mm)  the  extreme  value  of  3300  m/s.  A further  increase 
In  the  outside  diameter  of  the  shell  to  ^0  mm  (A=17.5  mm)  did 
not  lead  to  a change  In  the  velocity  of  the  process. 

Consc 'u<"*ritly , the  use  of  shells  made  of  the  same  material 
(steel  ^5),  but  with  a different  wall  thickness,  makes  It 
possible  to  change  over  wide  limits  the  velocity  of  the  low- 
speed  process  in  charges  of  high  density.  In  this  resoect  solid 
explosives  differ  from  liquid  explosives,  In  which  the  velocity 
of  propagation  of  detonation  at  low  speed  Is  changed  discretely. 

For  example  for  nitroglycerin,  according  to  the  oublished  data 
[122],  it  Is  1000  and  2000  m/s  depending  on  the  speed  of  sound 
in  the  shell. 

Another  Important  result  entails  the  fact  that  the  velocity 
of  the  low-speed  process  can  be  both  lower  and  greater  than  the 
speed  of  sound  In  the  Initial  explosives.^  In  Fig.  70  the  dotted 
lines  correspond  to  the  value  of  the  longitudinal  velocity  of 
sound  in  PETN  with  the  given  density  and  particle  sizes  (0^=2250 
m/s),  which  was  measured  by  the  ultrasonic  technique.^  In  this 
connection  It  Is  appropralte  to  recall  that  previously  subsonic 
[125]  or  transonic  [131]  propagation  was  considered  characteristic. 


Naturally  the  subsonic  process  cannot  be  classed  as  detonation. 
^The  cited  value  is  the  longitudinal  velocity  of  sound  in  an 
unbounded  medium.  The  speed  of  sound  was  determined  with  the 
aid  of  a UDM-IM  Instrument. 
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typical  for  the  low-speed  process  In  high  density  explosives. 
Taking  Into  account  the  results  obtained  It  is  possible  to 
explain  also  the  reason  for  the  nonconformity  in  values  of  the 
velocity  of  the  process  which  was  observed  In  the  test  of 
different  authors  who  Investigated  the  same  explosives.  Durln" 
the  analysis  of  Fig.  70  It  Is  necessary  to  emphasise  that  the 
weakening  of  dependence  W(A)  Is  observed  at  the  velocity  of 
NSR  close  to  the  speed  of  sound  . 

The  results  of  the  measurement  of  nrossure  p',  which  is 
withstood  until  destruction  by  the  Investigated  steel  shell 
with  a different  wall  thickness,  are  shown  In  Pig.  71.  Measure- 
ments are  carried  out  for  shells  ^^?lth  a wall  thickness  of 
0. 7-2.7  mm  for  which  the  Interval  of  change  In  p'  comnrlsed 

ii-lO  kbar.  The  experimental  data  are  described  satisfactorily 

0 7 

by  the  dependence  of  the  exponential  form  p'=DqA  . The  broken 
segment  of  curve  p'(A)  Fig.  71  corresponds  to  the  extrapolation 
of  the  findings.  The  extreme  point  on  the  extrapolation  curve 
Is  obtainc-u  from  tests  on  impact  Initiation  and  answers  to  the 
blast  pressure,  at  which  the  low-speed  process  at  maximum  speed 
(3300  m/s)  Is  still  excited.  An  Insignificant  Increase  In  the 
Intensity  of  shock  wave  led  to  detonation. 


Figure  71.  The  dependence  of 
the  dynamic  pressure  p',  which 
destroys  a shell,  on  the  thick- 
ness of  the  wall  (material  of 
shell  Is  steel  d^=5  mm). 


On  the  basis  of  the  data  of  Figs.  70  and  71  the  dependence 
of  the  velocity  of  the  low-speed  process  on  pressure  In  the  shell 
W(p')  Is  obtained  (Fig.  72). 


Figure  72.  Dependence  of  the 
velocity  of  the  low-speed 
process  W on  pressure  In  the 
shell  p’  (PETN,  r=5000  pm, 

p*1.73  g/cm’’,  d^=5  mm). 


On  the  curve  W(p’)  three  sections  are  distinguished:  1) 

subsonic  (W<Cj)  with  strong  dependence  W(p’),  2)  transonic 
(W^/C^),  for  which  the  velocity  of  the  process  depends  weakl”  on 
p’ , 3)  supersonic  (W>C^),  where  W(p')  again  Is  amplified. 

On  the  whole  the  findings  testify  to  the  fact  that  the 
velocity  of  the  low-speed  process  Is  determined  by  the  pressure 
which  Is  realized  In  the  shell,  and  In  the  final  analysis  - by 
the  amolltude  of  the  com’"'*'®sslon  wave  being  spread  in  the 
explosive.  The  dominant  role  of  the  shell  of  the  charge  entails 
maintaining  at  a specific  level  the  pressure  In  the  wave.  The 
fact  that  the  determining  effect  on  the  velocity  of  the  orocess 
Is  exerted  mainly  by  the  strength  of  the  shell,  l.e.,  the 
resistance  caused  by  cohesive  forces.  Is  confirmed  also  by  the 
following  tesrs.  The  enclosing  of  a thln-walled  CA=1.3  mm) 
shell  by  a massive  water  shell,  but  ore  without  strength,  does 
net  change  the  rate  of  the  process.  V/hen  using  a massive,  but 
lo-,:-strength  lead  shell  the  process  In  PETN  was  not  spread. 

Furthermore,  tests  were  run  In  shells  of  less  durable 
(than  steel)  materials.  In  thick-walled  shells  of  plexiglass, 
duraluminum,  and  brass  the  extreme  value  of  the  velocity  of 
the  process  turned  out  to  be  equal  correspondingly  to  1100, 

1200  and  2600  m/s,  which  is  found  In  accordance  with  the  value 
of  the  yield  point  of  these  materials. 

Dependence  W(p')  (see  Fig.  72)  gives  the  specific  concept 
about  the  effect  of  the  amplitude  of  compression  wave  on  the 
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velocity  of  the  process,  since  there  Is  a basis  for  assuming  that 
the  amplitude  of  compression  wave  In  explosives  does  not  exceed 
p’.  In  favor  of  this  assumption  Is  the  following  fact.  In  a 
shell  with  A=1.3  mm  (W=1300  m/s)  (see  Fig.  72)  pressure  p*=6 
kbar  turns  out  to  be  close  (somewhat  exceeds)  to  that  which  was 
obtained  In  work  [127],  when  the  amplitude  of  compression  wave, 
measured  directly  by  another  (electromagnetic)  method,  was  5 kbar 
with  W=1200  m/s. 

Unfortunately,  at  present  the  direct  measurements  of  pressure 
In  the  compression  wave  of  a low-speed  process  at  different 
velocities  of  Its  propagation  are  absent. 

As  It  was  noted,  during  stable  propagation  the  velocity  of 
a 1 w-speed  process  does  not  change  at  considerable  lengths 
of  charge,  from  which  It  follows  that  the  amolltude  of  the 
compression  wave,  which  guides  the  process  Is  maintained  constant. 
This  support  can  occur,  If  a mobile  equilibrium  Is  established 
between  the  gas  Inflow  due  to  the  chemical  reaction  and  the  gas 
vent  as  a result  of  the  strain  (expansion)  of  the  shell. 

In  the  described  tests  the  emergence  of  detonation  was 
absent,  which  finds  Its  natural  explanation  If  we  comoare  values 
p*  (see  Fig.  72)  with  the  critical  pressure  p of  the  Initiation 

K p 

of  detonation  by  a shock  wave.  Value  p was  measured  In  tests 

Kp 

on  the  transmission  of  detonation  through  an  Inert  (copper) 
barrier  (see  § 29).  The  minimum  amplitude  of  the  shock  vvo.ve 
which  entered  in  the  explosives  and  which  Initiated  deconation 
was  determined.  It  turned  out  that  for  the  Investigated  charges 
of  PETN  (6=0.975)  In  a steel  shell  the  critical  pressure  com- 
prised 17  kbar. ^ But  If  the  pressure  In  the  initiating  wave 


^The  i?te  of  normal  high-speed  detonation  of  PETN  under  these 
conditions  is  8500  m/s. 


-vms  somewhat  less  than  n , which  was  achieved  by  an  Inslgnifl- 
cant  increase  In  the  thickness  of  the  barrier,  then  a low-sneed 
process  developed,  the  rate  of  which  corresponded  to  the  thickness 
hhpf  the  v/alls  of  the  shell.  In  a shell  with  A|v8  mm  It  was 
■'possible  to  excite  a low-speed  process  at  a maxlm.um  velocity 
jpf  3300  m/s , when  Into  the  explOGlve  a shock  wave  with  a pressure 
:'*^of  approximately  17  kbar  entei'ed.  Ihis  value  of  pressure  Is 
presented  on  the  curve  In.  Pig.  71. 


From  a comparison  of  p’  and  p^p  follows  the  conclusion  [128] 
“"that  during  the  propagation  of  a low-speed  process  the  pressure 
in  the  shell  is  Imver  than  critical  pressui^e  of  the  initiation 
of  detonation,  l.e,, 


P'<P,-y 

Thus  if  conditions  are  created  at  which  the  pressure  in 
-the  compression  wave  is  maintained  constant  and  loss  than  the 
critical  pressure  of  the  initiation  of  detonation,  then  the 
.propagation  of  the  low-speed  process  is  stable. 

We  have  presented  the  basic  results  of  the  study  of  the 
low-speed  process  which  were  obtained  in  one  explosive  (PETN) 
and  in  a single  setting  up  of  the  experiment  [128,  129,  l66]. 

We  will  now  turn  to  the  data  available  in  the  literature, 
The  low-speed  process  of  explosive  conversion,  which  converts 
to  detonation,  was  observed  [13,  123]  during  the  ignition  of 
cast  explosives  (pentolite  and  DINA)  in  durable  steel  tubes. 
In  the  less  sensitive  cast  trotyl  the  process  uncer  the  same 
conditions  v/as  spread  stably  [125]. 


A detailed  study  of  the  stable  propagation  of  the  low-speed 
process  in  the  cast  trotyl  was  conducted  by  Babaytsev,  Kondrikov, 


and  Tyshevlch  [131,  1591.  It  was  shown  that  In  duraole  steel 
tubes  the  propagation  at  a speed  constant  along  the  length 
(1800-2000  m/s)  occurs  for  a considerable  distance  up  to  50  cm. 
Pressure  in  the  compression  wave  measured  by  the  "aquarl^itn"  , 

method  comprised  5-8  kbar. 

Table  10  gi\’es  the  values  of  the  maximum  velocity  of  the 
^low-speed  process  for  different  explosives  of  high  density,  which 
are  compared  with  the  longitudinal  velocity  of  sound  in  explosives. 
Data  known  from  the  literature  wei-e  used. 

As  It  follows  from  Table  10,  the  most  widely  accepted  and 
typical  values  of  the  maximum  velocity  of  the  process,  obtained 
for  different  explosives  and  under  dlffernet  conditions,  anproaches 
the  longitudinal  velocity  of  sound  In  the  Initial  explosives 
and  Is  2000-2500  m/s. 

§ 25.  The  Nature  of  the  Lov/-Speed  Process 
In  High  Density  Explosives 

It  was  noted  above  that  the  low-speed  process  has  a wave 
nature.  Let  us  pause  In  greater  detail  on  the  experimental  data 
for  the  substantiation  of  this  position.  First  of  all  It  was 
necessary  to  determine  the  role  of  the  compression  waves,  which 
were  being  spread  along  the  explosive  charge  and  along  the  shell 
of  the  charge. 

For  the  purpose  of  clearing  up  the  effect  of  wave  perturba- 
tions In  the  shell  a special  test  was  run  in  which  the  steel 
shell  was  cut  completely  In  a plane,  vertical  to  the  axis,  and 
separated  by  foam  rubber  (with  a thickness  of  5 mm),  which 
extinguished  the  compression  v/aves  moving  along  the  shell.  It 
was  shovm  that  In  this  shell  the  low-speed  process  In  PETN 
(p=1.73  g/cm  ) is  spread  stably  for  the  entire  length  of  the 
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charge.  The  stability  of  propagation  of  NSR  was  not  disturbed. 

If  the  explosive  charge  across  the  lateral  surface  was  separated 
from  the  shell  by  a layer  of  foam  rubber.  Consequently,  unlike 
liquid  explosives,  during  the  propagation  of  low-speed  processes 
■In  solid  explosives  the  determinant  Is  the  compression  wave  In 
the  Initial  substance;  the  dlstrubances  which  move  along  the 
shell,  do  not  play  a significant  role.  This  conclusion  is 
_strengthened  also  by  the  following:  data.  The  propagation  of  a 
low-speed  process  is  observed  In  substances  'which  do  not  have 
a shell:  for  example,  In  the  crystals  of  the  initiating  explosives 
(lead  aside  and  silver  azide)  [223]  or  in  the  charges  of  the 
secondary  explosives  (cast  trotyl)  [27].  The  low-sneed  process 
which  develops  in  cast  trotyl  under  the  influence  of  the  shock 
wave  Is  unstable  (it  dies  out  or  cor.verts  to  detonation  [27^- 

In  the  light  of  ivhat  was  said  there  Is  a great  deal  of 
interest  In  the  results  of  the  study  of  the  profile  of  compression 
waves  In  explosives  during  low-speed  propagation..  The  data 
available  on  this  question  are  very  scarce. 

Profile  of  compression  wave.  Gipson  and  Macek  determined 
the  rate  of  movement  of  a pressure  front  (with  the  aid  of  sensoi-s 
of  compression)  and  of  the  front  of  a chemical  reaction  (Ioniza- 
tion sensors)  [13]*  The  sensors  were  placed  in  one  plane  at 
different  distances  along  the  length  of  cast  charges  of  DINA 
and  pentollte.  It  vias  shov/n  v'nat  the  reaction  appears  behind 
the  compression  wave  v;lth  considerable  delay.  The  results  of 
one  of  such  tests,  In  which  the  sensors  were  arranged  in  the 
zone  of  the  propagation  of  the  lov/-speed  process,  are  shov/n  in 
Fie.  73.  In  this  test  the  transition  to  detonation  was  not 
observed.  It  Is  evident  that  the  distance  between  the  compression 
wave  1,  recorded  by  the  sensors  of  compression  with  a threshold 
of  operation  of  O.d  kbar,  and  the  reaction  front  2,  Is  aporoxl- 
mately  ^0  mm.  It  Is  Interesting  that  the  distance  between  fronts 
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Figure  73.  Propagation  of 
the  pressure  front  (1)  and 
-of  the  burning  front  (2) 
during  a low- speed  process 
(cast  DINAj  d2=12.7  mm). 


In  proportion  to  the  propagation  of  the  process  with  a velocity 
of  1^100  m/s  vl'^tually  Is  not  changed,  l.e.,  the  zone  of  reaction 
and  the  Isolated  points  of  the  pressure  front  are  spread  along 
the  charge  at  approximately  an  Identical  rate.  When  stronger 
sensors  (2  kbar)  of  compression  were  used  they  showed  a lesser 
distance  between  fronts.  The  pressure  front  is  reproduced  better 
than  the  reaction  front. 

In  works  [120,  127]  as  the  Indicator,  which  makes  It 

possible  to  fix  the  passage  of  compression  waves,  a sensitive 
Initiating  explosive  was  used  - lead  azide,  a thin  3ayer  of 
which  divided  the  charge  of  PETN  of  high  density  across  the 
entire  section.  It  was  established  that  the  expl  slon  of  the 
lead  azide  occurred  in  front  of  the  glowing  reaction  fror  . at 
a distance  of  5-10  mm  at  the  process  rate  W^IOOO  m/s. 

The  full  profile  of  compression  wave  at  one  point  along 
the  length  of  the  charge  was  measured  by  the  electromagnetic 
method  In  work  [127j.  A typical  recording  during  steady  condi- 
tions of  propagation  at  a rate  of  1200  m/s  Is  given  In  Fig.  7^. 
From  It  It  follows  that  the  pressure  gradually  Increases  to  the 
maximum  value.  The  measured  value  of  v/ave  amplitude  turned  out 
to  be  equal  to  5 kbar,  which  will  agree  with  the  results  of 
determining  p*. 
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Figure  7^.  Oscillogram  of 
the  recording  of  mass  flow 
rate  U(t)  during  the  proraga- 
tlon  of  a stable  process  at  a 
rate  of  1200  m/s  (time  between 
markers  2 ps). 


Thus  the  entire  totality  of  the  given  data  indicates  that 
during  the  propagation  of  a low-speed  process  In  high  density 
explosives  at  subsonic  velocity  the  wave  Is  not  shock  and  is 
characterised  by  an  expanded  profile  with  a smooth  oressure 
buildup.  The  existence  of  the  comcression  waves,  which  do  not 
have  a pressure  Jump  on  the  front,  have  long  been  established 
In  tests  for  studying  the  propagation  of  exoloslve  waves  In 
soils  [1331.  -V 

At  higher  rates  cf  the  orocess  (transonic  or  supersonic) 
measurements  of  full  profile  were  not  made.  This  cosltion  Is 
connected  with  the  fact  that  stable  operations  at-  these  rates 
are  observed  In  the  durable  metal  shells,  the  presence  of  which 
extremely  Imoedes  the  determ.lnation  of  the  crofile  of  the  v;ave 
in  explosives.  However,  the  supersonic  nature  of  the  process 
Indicates  that  the  process  In  this  case  is  soread  by  the  shock 
v;ave.  Such  are  the  basic  experimental  results. 

At  present  there  Is  no  final  theory  of  low  speed  processes.^ 
Therefore  we  first  of  all  approached  the  creation  of  a consistent 
hypothesis,  making  It  possible  to  explain,  at  least  formally, 
the  basic  experimental  results  obtained  on  high  density  explosives. 


‘Attem.pts  at  the  theoretical  examination  of 
were  undertaken  by  a number  of  authors.  Of 
Kuznetsov's  work  [1191,  v.'hlch  also  contains 
of  early  v/orks  on  tills  -juestlon. 


low-speed  detonations 
greatest  Interest  Is 
a critical  analysis 
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On  the  basis  of  an  analysis  of  existing  data  a hypothesis 
was  proposed  and  substantiated  [166]  which  entails  the  fact  that 
the  rate  of  a low-speed  process  is  equal  to  the  rate  of  movement 
along  the  explosive  of  a compression  wave,  in  this  case  the  self- 
sustaining  complex  of  compression  wave  - zone  of  chemical  reaction 
-can  be  stable.  It  seemed  that  the  results  of  studying  the  low- 
speed  process  can  be  explained,  if  we  utilize  data  on  the  propaga- 
tion of  compression  v;aves  in  solid  (explosive  and  inert)  sub- 
statioes  . 


For  the  purpose  of  the  substantiation  of  the  hypothesis 
advar.ced  the  laws  governlnr  the  propagation  of  a lovj-speed 
process  and  v/eak  (with  an  amplitude  of  1-20  kbar)  compression 
'.■.•av'ss  in  solids  were  compared. 

Lot  us  examine  what  occurs  if  to  the  surface  of  a solid 
rlan-  body  at  the  initial  moment  we  apply  a constant  pressure 
[i-OOj. 


m 


We  v;ill  accept  that  for  the  considered  solid  (explosive) 
the  stress  (pressure  p)  - specific  volume  (v)  diagram  for  states 
behind  the  wave  front  takes  the  form  presented  in  Fig.  75-  The 

states  which  correspond  to  line  0 1' 
are  described  by  Hooke’s  law  and  corres- 
pond to  low  pressures  and  strains. 

With  larger  dynamic  loads,  when  the 
pressure  exceeds  a specific  value  (yield 
point  p ) , the  solid  converts  to  a 
flowing  state  similar  to  a liquid.  The 
flowing  state  of  the  solid  is  char- 
acterized not  by  the  full  absence  of 
tangential  stresses,  as  in  a 

liquid,  but  by  the  absence  of  an  increase  in  the  tangential  stresses 
with  an  Increase  in  the  shearing  strains.  Line  1'  2 with  less 
slope  corresponds  to  the  flowing  state  of  the  solid.  Pr-^pagatlon 


Figure  75-  Stress 
(pressure)  - volume 
diagram  for  a solid. 
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velocity  of  oompresalon  wave  In  the  case  of  an  elastic  body 
(section  0 1')  la  equal  to  the  longitudinal  velocity  of  sound  in 
the  unbounded  nedlum  Upon  transition  to  a flowing  state 
(section  1’  2)  the  propagation  of  the  wave  occurs  at  the  volume 
velocity: 


c,  - Y-V'(dp/dV)s. 


Depending  on  the  relationship  between  wave  amplitude  and 

dynamic  yield  point  the  following  versions  are  possible  (Fig. 
76).  If  p<p  , throughout  the  body  one  elastic  wave  of  com- 

T 6 K 

rresslon  with  a velocity  of  (state  1 on  the  diagram  p,  v) 
will  run  (Fig  76a);  If  the  applied  pressure  p>p  , then  In  the 

X 6 K 

cciy  state  2 on  diagram  p,  v Is  reached.  However,  In  this  case 
thrcuchcut  the  body  two  waves  are  spread:  elastic  with  an 
amplitude  of  p and  a state  behind  front  1',  and  following 

X 6 K 

it  - a plastic  wave  with  a state  behind  front  2 (Fig.  76b). 

Since  Cq<C^  the  plastic  wave  does  not  overtake  the.  elastic. 

In  the  case  of  a powerful  shock  wave  (with  p>>p_„^)  its  velocity 
D>C.  and  the  splitting  of  the  wave  does  not  occur. 
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Figure  76.  Two  cases  of  the  propagation 
of  a compression  wave  In  a solid  a)  one 
elastic  wave;  b)  system  of  elastic  and 
plastic  waves. 

[mbw  = flowing] 


Such  Is  the  general  picture  which  one  should  expect  during 
th‘?  propagation  of  compression  waves  of  different  Intensity. 
;.;uar.t i-tative  laws  can  be  obtained  only  experimentally.  The 
pr'-'S.aure  range  In  a compression  wave,  which  Is  of  Interest  for 
the  considered  question,  comprises  1-20  kbar.  However,  para- 
doxically, but  precisely  In  this  Interval  of  pressures  the 
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dynamic  corapreaalblllty  of  solids  was  Investigated  little  experi- 
mentally, and  in  the  literature  on  this  question  there  are  very 
limited  data.  The  compressibility  of  high  density  trotyl  was 
studied  [27,  156],  It  was  shown  that  a wave  with  amolltude 
p>10-20  kbar  has  an  Impact  profile,  and  the  Impact  adiabatic 
curve  of  trotyl  is  described  by  the  conventional  dependence 
of  a linear  form.  At  lesser  pressures  a deviation  from  linear 
derendence  was  observed  [27],  the  shock  wave  with  p<7-10  kbar 
was  split  up  into  elastic  and  plastic  [27,  156],  the  movement 
of  the  clastic  wave  occurred  at  subsonic  sceed.  However,  a 
systematic  and  detailed  study  of  compressibility  of  explosives 
at  lev:  pressures  was  not  made.  Therefore  supplementary  tests 
were  run  on  the  study  of  the  propagation  of  compression  waves 
with  an  amplitude  of  1-20  kbar  [l66]. 

They  studied  high  density  trotyl  (p  = 1.60  g/cm“^),  the 

compressibility  of  which  was  close  to  PETN,  and  also  the  inert 
organic  substance  plexiglass.  The  electromagnetic,  method  was 
used  which  makes  It  possible  to  record  the  full  profile  of 
the  compression  wave.  Magnetic  field  strength  in  the  center  of 
the  gap  of  the  electromagnet  200  mm  wide  was  450  Oe  with  a 
uniformity  of  1?,  Two  L-shaped  sensors  made  from  aluminum  foil 
with  a thickness  of  0.07  mm  were  utilized.  They  were  placed 
percendlcular  to  the  axis  of  the  investigated  samrle,  vjhich  had 
a diameter  of  50-60  mm.  Samples  without  a shell  were  used. 

Signals  from  the  sensors  were  recorded  on  a double-beam  cathode 
ray  OK- 17  oscillograph.  The  wave  velocity  (D)  and  mass  flow 
rate  of  the  substance  (U)  were  measured. 

A method  was  worked  out  for  the  creation  in  the  investigated 
substance  of  a plane  shock  wave  of  low  intensity.  For  the  creation 
of  pressures  of  1-10  kbar  a concussion  wave  was  utilized  which 
originated  from  the  detonation  of  a spherical  charge  of  TG  5'  50. 
More  pov/erful  waves  were  ci’eated  by  the  detonation  of  a 
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cylindrical  charge  from  a mixture  of  trotyl  with  common  salt 
which  contacted  with  the  Investigated  substance.  Waves  of 
different  Intensity  were  obtained  by  changing  the  distance  from 
tlie  sample  to  the  spherical  charge  or  by  changing  the  per- 
-^eentage  of  salt  In  the  mixture. 

Processing  of  data  was  done  In  the  coordinates  wave  velocity 
_aD)  - pressure  In  the  wave  (p),  since  the  velocity  of  motion  and 
the  profile  of  the  wave  are  determined  by  Its  Intensity. 

Figure  77.  Dependence  of  the  nrocaga- 
tlon  velocity  of  a compression  wave 
on  pressure  amolltude.  I - pressed 

a 

trotyl,  p=l.oO  g/cm' ; IT  - plexiglass, 

•3 

d=1.18  g/cn  . 1 - data  from  [IC6]; 

2 - [27];  3 - [173]. 
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The  results  obtained  are  shown  In  Fig.  77,  and  the  char- 
acteristic oscillograms  U(t)  - in  Fig.  78.  For  a comparison  In 
Fig.  77  the  available  data  of  other  authors  are  also  clotted 
[27,  173],  These  correspond  to  pressures  p>7  kbar  and  agree 
satisfactorily  with  the  findings. 


Figure  73.  Oscillograms  of  recordings  of  mass  flow  rate  In 
pressed  trotyl.  a)  shock  wave  (p=10  kbar) ; b)  system  of  elastic 
and  plastic  waves  (p=5  kbar). 


20^ 


Figure  77  shows  that  the  shape  of  the  curve  D(p)  for  both 
Investigated  substances  Is  Identical,  and  the  curve  D(p)  consists 
of  three  characteristic  sections. 

In  Fig.  77  the  subsonic  branch  of  the  curve  corresponds  to 
the  propagation  of  the  plastic  wave,  the  velocity  of  which,  as 
follows  from  the  findings i depends  strongly  on  wave  amnlltude. 

It  was  established  that  the  splitting  of  the  shock  wave  with  the 
formation  of  elastic  and  plastic  waves  for  trotyl  and  plexiglass 
occurs  at  a close  pressure  ('^7  kbar).  The  elastic  wave  is 
oropagated  at  a velocity  equal  to  the  longitudinal  velocity  of 
sound  (for  trotyl  C^=2300  m/s,  for  plexiglass  C^=2800  m/s), 
its  anclltude  is  not  a constant  value  and  denends  on  total 
pressure  in  the  wave.'  Pressure  bullduc  in  the  clastic  v;ave 
is  realized  in  a time  of  1-10  us  decendlng  on  amnlltude. 

The  interval  of  pressures  from  7 to  15  kbar  corresponds 
to  the  section  of  weak  dependence  ("plateau")  on  the  curve 
D(p),  in  this  case  the  wave  is  propagated  at  a velocity  close 
to  the  longitudinal  velocity  of  sound,  and  it  has  an  Impact 
profile.  A change  in  the  amnlltude  of  the  shock  wave  in  this 
range  in  practice  does  not  affect  wave  velocity. 

At  a pressure  p>15  kbar  a strengthening  of  the  dependence 
D(n)  is  observed  and  the  Impact  adiabatic  curve  of  the  substance 
is  described  by  a conventional  linear  dependence. 

As  it  was  noted,  the  compressibility  of  trotyl  and  plexi- 
glass is  described  by  curves  of  a similar  form.  It  is  nossible 
that  this  form  of  curve  D(p)  or  D(u)  is  typical  for  solid  organic 
substances . 


'The  corresponding  data  for  an  elastic  wave  are  nor.  shown  in 
Fig.  77. 
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Let  us  compare  the  data  presented  with  the  results  of  a 
study  of  a low-speed  process.  For  this  purpose  let  us  compare 
the  data  In  Pig.  72  and  Pig.  77.  It  Is  evident  that  the  form 
of  curves  W(p’)  and  D(p)  is  Identical.  On  the  whole  also  the 
pressures  at  which  characteristic  fractures  are  observed  In  the 
curve  W(p*)  will  agree. 

The  established  qualitative  agreement  In  the  laws  governing 
the  propagation  of  a low-speed  process  and  weak  compression 
waves  confirms  the  validity  of  the  expressed  hyoothesls  and 
gives  supplementary  proof  that  the  dominant  role  during  the 
propagation  of  a low-speed  process  In  solid  explosives  Is  played 
by  the  wave  whl<^h  moves  along  the  exp-loslve  charge,  and  not 
along  the  shell  of  the  charge.  The  results  obtained  can  serve 
subsequently  as  a basis  for  the  quantitative  calculation  of  the 
velocity  of  the  low-speed  process,  for  conducting  of  which  a 
knowledge  of  the  compressibility  of  explosives  and  of  the  oara- 
meters  of  the  compression  wave  is  necessary.  Soeclflcally  It 
was  possible  to  obtain  for  PETN  the  satisfactory  accord  of 
experimental  and  calculated  value  of  the  maximum  velocity  of  a 
low-speed  process,  which  turned  out  to  be  equal  correspondingly 
to  3300  and  3100  m/s.  During  the  calculation  the  Impact  adiabatic 
curve  of  PETN  was  utilized  and  it  was  assumed  In  accordance  with 
the  developed  representations  that  the  maximum  velocity  of  the 
process  observed  in  the  exoerlment  coincides  with  the  velocity  of 
propagation  of  the  shock  wave,  the  amplitude  of  which  Is  equal 
to  the  critical  pressure  of  initiation  of  normal  detonation 
(d  =17  kbar). 

• HP 

What  was  said  above  makes  it  possible  to  exolain  the  existence 
of  subsonic  low-speed  processes  v/hlch  are  caused  by  movement 
along  an  explosive  of  a plastic  wave  which  does  not  have  a 
oressure  jump  at  the  front,  ’-'nlch  will  agree  with  the  direct 
measurement  of  the  profile  of  a wave  In  this  case  [127]  (see 
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Fig.  7^).  The  explanation  of  this  fact  from  the  viewpoint  of 
the  wave  nature  of  low-speed  processes  orevlously  caused  the 
greatest  difficulties.*  It  becomes  clear  why  the  different 
authors  who  experimented  under  different  conditions  and  with 
different  explosives  (trotyl,  pentolite,  PETN,  cyclonite) 
observed  the  most  typical  value  of  the  velocity  of  the  process 
(2000-2500  m/s)  approaching  the  longitudinal  velocity  of  sound 
(see  Table  10).  This  value  is  most  probable,  since  It  corresponds 
to  the  section  of  "plateau”  on  the  curve  W(p’). 

Finally  It  was  to  be  expected  that  an  Increase  In  the 
velocity  of  the  process  can  be  reached.  If  we  utilize  explosives 
with  a high  value  of  o „ and  maintain  a high  oressure  in  the 
wave  (for  example  by  the  utilization  of  shells  made  from  highly 
durable  materials).  For  the  puroose  of  checking  this  assumo- 

o 

tlon  tests  v;ere  carried  out  with  PETN-agate  (d=1.76  g/cm  ) , 
for  which  p^p  Is  substantially  higher  than  for  oressed,  when 
the  shell  of  the  charge  was  made  out  of  durable  steel  SOKhGSA. 

In  this  case  the  velocity  of  low-speed  orocesses  Increased  and 
was  3500  m/s. 

The  unstable  propagation  of  NSP  at  a high  velocity  can  also 
Ye  observed  under  the  influence  on  the  explosives  of  a fabricated 
shock  wave  of  considerable  intensity  which  provides  at  a certain 
length  of  the  charge  the  "forced"  propagation  of  the  process. 

Thus  in  the  work  of  Dremln  and  Koldunov  [27],  who  conducted 
experiments  with  charges  of  cast  trotyl  v;ith  a diameter  of 
d^=60  mm  (v;ithout  the  shell).  It  v;as  noted  that  under  the 
Influence  of  a shock  v;ave  of  critical  intensity  (p^p=35  kbar) 
a process  developed  (In  our  terminology  - "low-speed  process") 


'One  should  also  consider  that  the  plastic  wave  moves  over  a 
subs'tance,  the  structure  of  v/hlch  can  differ  from  the  initial 
as  a result  of  the  effect  of  an  elastic  compression  wave. 


whose  velocity  at  a length  of  1-2  was  constant  and  was  equal 
to  3600  m/s,  whereupon  detonation  emerged.  It  Is  interesting 
that  the  velocity  of  propagation  of  a process  measured  by  the 
optical  method  coincided  with  the  velocity  of  the  shock  wave, 
determined  with  the  aid  of  electromagnetic  sensors  placed  on 
the  axis  of  the  charge.  This  fact  Indicates  directly  that 
the  velocity  of  a low-speed  process  is  equal  to  the  velocity  of 
propagation  of  shock  wave  on  the  explosive  charge.  Under  the 
same  conditions,  but  under  the  Influence  of  the  shock  wave  of 
subcritlcal  Intensity,  the  process  died  out. 

Let  us  recall  that  the  stable  low-speed  mode  in  high  density 
charges  of  secondary  explosives  was  observed  only  in  the 
presence  of  a shell.  In  connection  with  this  It  Is  necessary 
to  emphasize  that  the  pressure  In  the  compression  wave  of  a 
stable  process  depends  not  only  on  strength  of  the  shell,  but 
also  on  the  nature  of  heat  release  directly  behind  the  wave. 

At  present  the  stability  and  steadiness  of  the  self-sustaining 
complex,  which  Includes  the  compression  wave  and  a wide  zone  of 
the  chemical  reaction,  has  not  been  investigated  either  theoreti- 
cally or  experimentally:  In  many  respects  the  mechanism  of  support 
of  the  compression  wave  Is  not  clear.  At  the  same  time  these 
questions  have  great  significance  for  the  construction  of  the 
theory  of  lovj-speed  processes. 

V/hat  was  presented  above  was  related  to  high  density 
explosives.  It  Is  possible  that  the  results  obtained  here  can 
turn  out  to  be  useful  during  the  explanation  of  the  lav/s  governing 
the  propagation  of  low-speed  "detonation”  In  oowder-llke 
exDlosives.  In  this  respect  there  is  interest  In  the  work  of 
Bolkhovitinov,  et  al.  [15^1,  In  which  It  v/as  shown  that  the  shock 
compression  of  Dowdc-”-!-!  ke  trotyl  In  an  unsteady  detonation 
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:^vave  bears  a complex  stepped  nature,  and  two  waves  are  observed. 
-In  the  opinion  of  the  authors,  initially  the  coverage  of  the 
pores  occurs,  whereupon  - the  further  compression  of  the  homo- 
geneous substance. 

Taking  Into  account  these  data  the  process  of  low-speed 
"detonation"  in  powder  can  be  presented  in  a simplified  manner 
J.n  the  following  form:  behind  the  first  wave  front  the  substance 

"is  compressed  to  a density  close  to  maximum,  ar.d  it  is  moved  a*' 
a velocity  equal  to  the  mass  flow  rate  of  the  substance,  and 
then  over  the  moving  high  density  su 'stance  a second  wave  Is 
propagated,  behind  the  front  of  which  the  chemical  reaction 
develops.  The  expressed  considerations  , lake  It  possible  to 
explain  an  increase  in  the  velocity  of  NCR  with  a decrease  in 
__denslty  (Fig.  G8)  and  to  evaluate  the  value  of  the  expected 
difference  (AW)  in  the  velocities  of  propagation  of  the  NSR  in 
hlrh  density  and  low-density  charges,  which  In  the  first  apnroxl- 
..mation  can  be  accepted  equal  to  mass  flow  rate  of  .the  substance 
- ( Ih  ) behind  the  first  wave  front.  According  to  [150]  for 
'.PETN  (p'vl.O  g/cnr^)  at  p^^^S  kbar^  value  '11^^/500  m/s,  which  does 
not  differ  strongly  from  the  value  AW^-TOO  m/s  observed  in 
experiment.  The  real  picture  of  development  of  the  process 
during  the  propagation  of  low-speed  "detonation"  in  powder 
undoubtedly  is  considerably  more  complex.  First  of  all  the 
emergence  and  the  development  of  the  reaction  is  facilitated, 
in  consequence  of  which  the  stable  low-speed  modes  in  powders 
are  spread  in  the  absence  of  a durable  shell. 

The  course  of  the  chemical  reaction  during  the  propagation 


^In  accordance  v;lth  [139]  the  pov/der  of  urotrop.'ne  is  thickened 
to  the  maximum  density  by  a shock  vmve  with  pressure  P2_2l5  kbar. 


o'  .peed  processes  In  high  density  systems.  Now  conventional 
1 c point  of  view  according  to  which  the  chemical  reaction 
under  the  Influence  of  a weak  shock  wave  on  explosives  appears 
In  seoarate  local  foci  - "hot"  points.  The  estimation  of  the 
temperature  of  the  shock  compression  of  an  exolosive  In  a wave 
with  pressure  -^30  kbar  shows  that  the  volumetric  heating  of  the 
substance  is  negligible  and  does  not  exceed  several  dozen  degrees. 
The  available  data  Indicate  that  during  the  propagation  of  low- 
speed  processes  in  high  density  systems  the  foci  of  the  reaction 
are  inalnly  the  pores  (heterogeneities)  which  exist  In  the  charge. 
The  number  of  these  data  includes  the  following. 

The  presence  In  the  charge  of  low-magnitude  porosity  (v 
several  percentages)  exerts  a substantial  Influence  on  the 
possibility  of  the  propagation  of  NSR,  This  effect  is  exhlDlted 
especially  sharply  In  charges  which  are  surrounded  by  a low- 
strength  shell.  Thus,  for  instance.  In  a shell  made  of  plexiglass 
a low-speed  process  Is  observed  _n  PETN  If  charge  density  p<1.70 

3 

g/cm  (m>^?),  at  a higher  density  the  process  is  not  spread. 

In  the  charges  of  PETN  with  a density  of  1.73-1 .76  g/cm^  the 
propagation  of  NSR  Is  possible  only  when  using  a durable  steel 
shell. 

The  nature  of  the  propagation  of  NSR  depends  also  on  the 
Initial  particle  sizes  of  the  explosive  and,  therefore,  on  the 
size  of  the  pores.  It  was  established  that  with  a decrease  In 
the  initial  size  of  particles  of  PETN  from  500  to  20  pm  the  rate 
of  NSR  is  lowered  from  2250  to  2000  m/s  (a  charge  was  used  with 

3 

a diameter  of  5 mm,  and  density  of  1.73  g/cm  In  a steel  shell 
v;ith  wall  thickness  of  3-5  mm).  In  [159]  It  was  noted  that  a 
process,  stable  In  coarse-crystalline  cast  trotyl,  died  out 
if  finely  crystalline  ti'otyl  was  used. 

Let  us  estimate,  using  the  theory  of  a focal  thermal 
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explosion  [1233,  the  size  of  the  focus  and  compare  It  with  the 
size  of  the  pores  which  exist  in  the  charge. 

The  critical  dimension  of  the  focus  Is  determined  by  the 
expression 


(70) 


The  value  of  critical  temperature  we  find  from  tlie  expression, 
which  Joins  T with  critical  Induction  period: 

H p 

Th.u  (71) 

In  e:cpresslons  (70)  and  (71)  E - activation  energy;  z - 
pre-exponent;  Q - thermal  effect  of  reaction;  Tq  the  initial 
temperature  of  substance;  c - heat  capacity;  p - density;  X - 
the  coefficient  of  thermal  conductivity. 

The  delay  In  the  initiation  of  reaction  t was  determined 
In  the  tests  in  which  photographing  was  done  against  a background 
of  a bright  screen  of  the  process  of  the  exit  of  the  low-speed 
process  on  the  boundary  of  the  division  explosives  - Plexiglass. 
Value  T,  was  determined  as  the  time  between  the  exit  of  the 
compression  wave  from  the  explosive  (this  moment  coincides  with 
the  beginning  of  movement  of  the  Interface;  and  the  approach 
of  the  glowing  zone  of  the  reaction. 

For  PETN  at  a rate  W=1100  m/s  value  t v;as  10  ^ s . 

Accepting  for  PETN  £=39500  cal/mole,  z=10^^  Q=10^ 

cal/cm^,  c=0.3  cal/g*deg,  p=1.7  g/cm^,  X=2.4-10”^  cal/cm* s • deg , 
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from  (70)  and  (71)  urn  obtain  crltjloal  dlmtnslon  of 

focus  r^p«2'l0”  etn. 

Let  us  compare  the  calculatltjn  value  of  r^p  with  the  slae 
of  the  pores  which  exist  In  the  charge.  Direct  data  for  PETN 
are  absent  In  the  literature.  Ifowever,  In  accordance  with  the 
results  of  the  measurement  of  the  distribution  of  pores  according 
to  size  (see  Fig.  10)  the  high  density  (6*0.95)  pressed  samples 
of  trotyl  and  cyclonlte  contain  pores  on  the  order  of  10  cm 
In  size. 

At  the  same  time  the  heterogeneities,  on  which  the  reaction 
is  excited,  can  be  formed  also  In  initially  solid  explosives 
in  the  process  of  the  propagation  of  low-speed  processes.  Thus 
the  authors  of  [127]  connect  the  change  in  the  transparency  of 
the  layer  of  cast  PETN  in  front  of  the  glowing  front  of  an  NSR 
TiOted  by  them  with  deformation  and  destruction  of  the  substance. 

In  work  [127]  a point  of  view  is  advanced,  according  to 
which  the  formation  of  foci  occurs  during  the  strength  destruction 
of  solid  explosives  In  the  compression  wave  analogous  with  that 
as  it  takes  place  under  mechanical  Influences  and,  In  particular, 
during  shock. 

At  present  there  Is  no  clarity  in  the  question  concerning 
how  a focus  originates  and  Just  what  Is  the  specific  physical 
mecnanlsm  of  Its  formation.  The  most  pi’obable  mechanism  of 
heating  is  friction,  caused  by  a difference  In  the  rate  of 
movement  of  the  substance  which  fills  the  core  (heterogeneity) 
from  the  average  speed  of  movement  of  the  explosive  behind  the 
front  of  the  compression  wave. 

The  propagation  of  the  reaction  from  foci  In  high  density 
systems.  Just  as  In  powders.  Is  realized,  apparently.  In  the 
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form  of  surface  explosive  combustion  [167].  Specific  confirmation 
of  this  are  the  tests  In  which  the  effect  of  the  surface  condition 
of  particles  of  explosives  on  the  speed  of  the  orocess  and  the 
limits  of  Its  orooagatlon  was  studied.  The  coating  of  particles 
of  PETN  (r=500  gm)  with  a thin  (several  microns)  layer  of  paraffin 
led  to  essential  deceleration  of  NSR  up  to  the  full  stopping  of 
the  process,  In  spite  of  the  fact  that  charges  with  the  Increased 
(to  5/5)  porosity  were  used. 

We  have  presented  the  basic  results  concerning  the  stable 
propagation  of  low-speed  processes. 

C.  TRANSITION  OF  C0K»3USTI0N  TO  DETONATION 

§ 26.  Transition  of  a Low-Speed  Process  In 
High  Density  Explosives  to  Detonation 

1 

The  stable  propagation  of  a low-speed  process  Is  observed 
at  specific  values  of  density,  size  of  particles  of  the  explosives, 
diameter  of  the  charge  and  strength  of  shell.  A change  in  one 
of  these  parameters,  for  example  a decrease  In  the  density  of 
the  explosive,  an  Increase  In  the  diameter  of  the  charge  or 
strength  of  shell  leads  to  the  fact  that  the  process  becomes 
unstable  and  can  convert  to  detonation.  A necessary  and  sufficient 
condition  of  the  emergence  of  detonation  is  the  formation  In 
the  charge,  the  diameter  of  which  exceeds  critical,  of  a shock 
wave  of  critical  Intensity  o 

• HP 

The  basic  relationship  v/hich  determines  transition  to 
detonation  Is  the  relationship  betv/een  pressure  in  the  shell 
p'  and  the  critical  pressure  of  initiation  of  detonation. 


In  the  preceding  paragraph  it  was  shown  that  the  low-speed 
proceso  v;as  stable.  If  the  pressure  in  the  sh^ll  is  less  than 
critical , 1 . e . , 
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It  was  to  be  expected  that  the  transition  of  a low-speed 
process  to  detonation  will  appear  If  the  Inequality* 


P’>P 


is  fulfilled. 

In  this  case  the  development  of  a wave  of  critical  intensity 
becomes  possible.  In  accordance  with  the  last  Inequality  the 
transition  to  detonation  is  promlted  by  all  those  factors  v/hlch 
cause  an  Increase  of  p'  and  lov/erlng  of  P^p*  We  will  nov;  turn 
to  the  available  exnerlmental  results. 

High  desnity  pressed  explosives.  In  work  [120]  they  studied 
the  transition  of  NSR  to  detonation  in  PETN  of  different  density. 
Change  in  the  charge  density  creates  the  possibility  for  a change 
over  wlct-  limits  In  the  magnitude  of  the  critical  oressure  of 
initiation  of  detonation  (see  § 29). 

The  tests  v;ere  conducted  in  olexiglass  or  steel  (with 
optical  v.'edge,  see  Fig.  6c)  shells,  which  made  it  oossible  to 
conduct  the  continuous  optical  recording  of  the  develonment  of 
the  orocess  which  develops  after  Ignition  of  the  charge.  A 
tyclcal  photograph  of  the  transition  of  NSR  to  detonation  Is 
presented  In  Fig.  79.  From  it  it  is  evident  that  In  Dressed 
?ET:i  the  transition  of  a low-speed  process  to  detonation  bears 
an  abrupt  nature.  In  these  tests  the  average  speed  of  NSR  at 
the  stage  preceding  detonation  was  determined. 


'Indication  that  v.lth  the  fulfillment  of  this  Inequality  detona- 
tion originates  is  contained  in  v;ork  [125]. 
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Figure  79.  Photograph  of 
the  transition  of  a low-speed 
process  to  detonation  (PETN, 

p*1.45  g/cm^t  r»500  um, 
mm). 


Also  the  critical  pressure  of  the  Initiation  of  detonation 
was  measured  for  the  Investigated  charges  of  PETN  which  were 
surrounded  by  a shell  (Table  11). 


Table  11.  Results  of  the  study  of  the  transition  of  a low-speed 
rrocess  to  detonation.  . 


Parameter 

Shell  of 
plexi- 
glass 

Steel  shells  with 
optical  wedge 

Relative  density  of  PETN 

0.82 

0.9 

0.96 

0.975 

Diameter  of  charge,  mm 

10 

5 

5 

10 

Average  velocity  of  low-speed 
process  before  the  emergence  of  1 

1100 

1500 

2200 

1 3300 

i 

detonation  m/s 

Critical  pressure  of  Initiation 
of  detonation,  kbar 

5 

8 

11 

17 

Pressure  which  destroys  the 

6 

15-17 

A steel  shell  with  optical  wedge  based  on  its  dynamic 
strength  is  equivalent  to  a steel  shell  with  a wall 
thickness  A'^-S  mm. 


From  the  given  data  it  follows  that  the  low-speed  process 
converts  to  detonation  when  p’>P^,„  in  this  case  the  speed  of 

— K p i 

the  process  before  the  emergence  of  detonation  increases  v;lth 
an  Increase  in  p^„. 

K p 
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Thus  the  emergence  of  detonation  makes  Imnosslble  the 
achievement  of  high  velocities  of  low-speed  prooagatlon  In 
charges  with  a lowered  dens:cy. 

Near  the  limiting  conditions  (with  p''tp  ) the  development 

^ P 

of  Instability  is  promoT^ed  by  an  Increase  In  the  length  or 
diameter  of  the  charge.  Thus,  for  instance,  in  a plexiglass 
shell  the  low-speed  process  in  PETN  with  a density  of  (6=0.82) 
did  not  convert  to  detonation  at  a length  of  charge  of  150  mm. 

In  this  case  the  speed  of  NSR  increased  weakly  along  the  length 
(from  SOO  to  1000-1100  m/s.)  However,  transition  was  observed 
v;hen  the  length  of  the  charge  v/as  increased  to  300  mm  (see  Pig. 
79).  A similar  pattern  was  observed  with  an  increase  in  the 
diameter  of  the  charge. 

"pen  transition  to  detonation  the  slooe  and  amolitude  of 
the  com.pression  wave  continuously  increase.  On  the  strength  of 
the  concepts  developed  in  § 25,  it  was  oossible  to  assume  that 
the  speed  of  MSR  at  the  stage  oreceding  the  emergence  of  detona- 
tion must  change  in  accordance  with  the  established  dependence 
'.V(p*)  (see  Fig.  72).  Actually,  the  tests  carried  out  on  PETN 
(o=1.73  g/cm  ) showed  that  the  speed  of  the  process  increases 
rionotonically  along  the  length,  and  sections  are  observed  with 
subsonic,  transonic  and  supersonic  values  of  velocity. 

Cast  explosives.  The  transition  of  the  cornbustlon  of 
cast  explosives  to  detonation  v;as  investigated  in  the  already 
mentioned  works  of  Macek  et  al.  [13,  121 j and  Price  and  Wehner 
[125].  At  the  same  time  these  investigations  in  essence  were 
reduced  to  a study  of  transition  to  detonation  of  a low-speed 
process.  The  emergence  of  detonation  was  observed,  If  the 
explosive  (DINA,  pentollte  50/50)  was  placed  in  duraole  steel 
tubes  (inside  diameter  12.7  mm,  external  - 31-8  mm)  of  sufficient 
length  (393  mm).  The  layout  of  the  experiment  and  the  arrangement 
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of  sensors  are  shown  in  Pig.  6b.  The  velocity  of  propagation  of 
the  reaction  front  was  determined,  as  a rule,  by  usual  type 
ionization  sensors.  The  Ionization  method  of  recording  undoubtedly 
is  lacking  that  advantage  which  Is  given  by  the  optical  method, 
which  permits  Implementation  of  continuous  observation  of  the 
development  of  the  process.  However,  In  conjunction  with  the 
sensors  of  compression,  which  fixed  the  passage  of  the  compression 
waves,  the  methods  of  recording  used  made  it  possible  to  obtain 
sufficiently  complete  information  about  the  Investigated  process. 

In  works  [121,  125]  also  the  recording  of  pressure  p(t) 
in  the  combustion  zone  was  realized  with  the  aid  of  strain 
gauges  which  were  stuck  to  the  external  surface  of  the  tube 
near  the  point  of  ignition.  The  calibration  of  the  sensors  was 
conducted  under  static  conditions. 

In  work  [125],  set  up  for  the  purpose  of  studying  the 
effect  of  the  shell  of  the  charge  on  the  transition  of  combustion 
to  detonation  and  the  obtaining  of  additional  Information  about 
the  low-speed  process,  besides  the  methods  of  study  enumerated 
above  they  used  the  high-speed  filming  of  the  destruction  of  the 
tube  and  sensors  for  determining  the  radial  deformation  of  the 
external  surface  of  the  tube. 

The  results  of  the  measurement  of  velocity  of  propagation 
of  the  process,  obtained  by  the  method  of  ionization  sensors, 
are  presented  in  Table  12. 

From  the  data  given  it  follows  that  the  emergence  of  normal 
detonation  precedes  the  lov;-speed  (1000-2300  m/s)  process,  which 
is  spread  in  30-80  us.  Correspondingly  the  length  of  the 
predetonation  section  changed  between  6 and  l8  cm,  the  most 
typical  value  was  approximately  10  cm.  The  maximum  value  of 
velocity  before  the  emergence  of  detonation  is  equal  to  2000-2300 


Table  12,  Velocity  change  along  the  length  of 
a charge  during  transition  of  the  'combustion  of 
cast  explosives  (DINA,  pentollte)  co  detona- 
tion.* 
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*h  - distance  from  igniter  to  the  first  sensor; 
- distance  from  the  first  sensor  to  the 

1-sensor;  D^^j  - the  average  soeed  between  1- 

and  J-sensors:  | - velocity  on  the  section 

of  transition  from  low  to  high  velocity;  0 - 
recording  absent. 
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ni/s  and  it  is  close  (somewhat  less)  to  the  speed  oi'  sound  in 
explosives.  It  is  evident  also  that  the  velocity  of  the  process 
Increases  along  the  length,  especially  in  the  Initial  stage. 

At  th'^'  same  time  the  authors  themselves  give  another  Interpreta- 
tion to  the  results  obtained  concerning  the  nature  of  the  change 
In  the  velocity  of  the  process  along  the  length  of  the  charge. 

Thus  In  work  [13]  It  is  noted  that  the  "observed  acceleration 
Tls  insufficiently  developed  in  order  to  give  proof  of  the  gradual 
transition  to  normal  stationary  detonation,"  and  Price  and  Wehner 
referring  to  the  same  work,  write  that  "Gipson  and  Macek 
demonstrated  the  existence  of  the  low-speed,  but  being  spread 
■at  a constant  velocity,  mode  In  tests  on  the  transition  of 
ccr.bustlon  of  DINA  to  detonation." 

Taking  Into  account  the  data  In  Figs.  72,  77,  it  is  possible 
mo  give  the  following  interpretation  to  these  results,  which 
ollr.lnates  this  contradiction.  In  the  initial  stage  of  propaga- 
tion of  a subsonic  process  the  velocity  Increases . along  the 
iengbh  of  the  charge,  and  then  in  proportion  to  approximation  to 
the  speed  of  sound  a saturation  of  velocity  Is  observed  so  that 
the  emergence  of  detonation  precedes  the  section  where  the 
process  is  spread  at  a virtually  constant  (transonic)  velocity. 

The  transition  of  the  mode  being  spread  at  a constant  velocity 
to  detonation  can  be  explained,  if  one  takes  Into  account  that 
on  the  .'J'ctlon  of  the  "plateau"  of  curve  W(p’)  the  rise  In 
pressure  in  the  shock  wave  barely  changes  the  velocity  of  the 
:ifR. 

The  transition  of  a low-speed  process  to  stationary  detona- 
tion ill  cast  explosives  is  realliied.  In  the  opinion  of  the 
authors  of  [13],  abruptly,  since  the  smallest  interval  of 
transloion  was  equal  to  13  mm,  and  the  corresponding  time  of 
approximately  4 ps . However,  the  study  of  the  formation  of 
a detonation  wave  In  cast  trotyl  during  Impact  Initiation, 
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carried  out  by  Dremln  and  Koldunov  [27],  showed  that  the  emergence 
of  detonation  occurs  In  the  form  of  a smooth  Increase  in  the 
parameters  of  the  wave  up  to  the  detonation.  In  the  tests 
carried  out  in  work  [131],  the  transition  of  combustion  of  cast 
DINA  to  detonation  also  was  realized  In  the  form  of  a smooth 
build-up  of  velocity. 

The  greatest  interest  lies  in  the  results  of  simultaneous 
measurement  of  velocities  of  the  reaction  front  and  pressure, 
shown  in  Fig.  80 , from  which  it  follows  that  the  compression 
waves  are  propagated  in  front  of  the  reaction  front . From  the 
I'ecordinc  in  Fig.  80a,  obtained  with  the  use  of  sensitive  (0^8 
kbar)  sensors  of  compression,  it  is  apparent  that  they  operated 
under  the  action  of  a weak  damping  pressure  rulse  or,  possibly, 
a series  of  such  pulses,  which  are  overtaken  by  a powerful 
compression  wave  (or  shock  wave)  near  the  place  of  origin  of 
stationary  detonation.  Tlie  use  of  coarser  sensors  of  comoression 
(threshold  of  operation  2 kbar)  (Pig.  80b)  showed  that  the 
emergence  of  detonation  is  realized  by  pressure  waves,  the 
parameters  of  which  increase  smoothly. 
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Figure  8o . Propagation  of  the  pressure 
front  (1)  and  reaction  front  (2)  during 
transition  of  a low-speed  process  to  detona- 
tion. a)  DINA;  b)  pentolite. 

Unfortunately,  these  single  and  fragmentary  bits  of  informa- 
tion do  not  make  it  possible  to  create  a full  representation  of 
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_the  wave  picture  preceding  the  transition  of  a low-speed  process 
to  detonation,  and  only  Indicate  the  complex  nature  of  the 
phenomenon . 

In  works  [13,  121]  it  was  noted  that  there  is  vital  Importance 
during  the  transition  of  combustion  to  detonation  in  the  rate 

of  pressure  buildup  dp/dt  in  the  combustion  zone.  For  the  _ _ 

Investigated  explosives  the  pressure  increases  exponentially 
P=Pq0  (for  pentollte  Pq=1  kbar,  b=8.856*10  , t - is  expressed 
in  seconds).  Pressure  measurements  were  conducted  up  to  4 kbar. 

In  the  case  when  growth  in  pressure  was  slower,  an  increase  in 
the  predetonation  section  or  the  absence  of  the  emergence  of  . 
detonation  was  observed. 

The  high-speed  filming  of  the  tube  In  conjunction  with 
other  methods  of  recording  made  It  possible  to  establish  [125] 
tiiat  tlie  detonation  occurs  before  the  tube  is  destroyed.  In 
t-his  case  the  deformation  of  the  tube  before  destruction  was 
symmetric  and  noticeable  deformation  was  observed  in  28  ps 
after  achievement  in  the  shell  of  a pressure  of  1 kbar.  Extra- 
polation of  the  curve  p(t)  for  a period  of  28  ps  allowed  the 
authors  to  evaluate  the  pressure  at  which  the  tube  is  destroyed  - 
p';v20  kbar.  The  given  value  exceeds  the  critical  pressure  of 
Initiation  of  detonation  by  a shock  wave,  which  turned  out  to 
be  equal  to  11  kbar  (for  DINA)  and  19  kbar  (for  pentollte),^ 
v'hlch  afforded  the  possibility  to  explain  the  transition  of 
their  combustion  to  detonation. 

In  the  presented  works  it  Is  tacitly  assumed  that  the 


’ Unfortunatt'ly  , in  the  work  the  conditions  under  which  the  given 
values  of  p were  obtained  are  net  given. 
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laminar  combustion  of  explosives  converts  directly  to  a low-speed 
process.  This  queaticn  was  pot  investigated  specifically.  There- 
fore there  Is  no  firm  conviction  that  the  emergence  of  a lew- 
speed  process  did  not  precede  the  convective  combustion  on  the 
explosive  - shell  boundary,  similar  to  that  examlnedJL^n  § 2J, 

%nd  this  que.stio.n  remains  open. 

In  his  flrsc  work  [121]  Macek  proponed  an  elementary  theory 
■for  th'  phenomenon  which  is  based  on  the  fact  that  the  transition 
of  the  combustion  of  solid  explosives  to  detonation,  Just  as  in 
leases,  Is  realized  by  the  shock  wave  which  is  generated  in  the 
unburr.ed  explosives  as  a result  of  the  interference  of  the 
-co:;ipression  wa/es  which  are  Initiated  by  the  front  of  combustion, 
oubf.equently  v;e  wil.l  call  this  mechanism  gas  or  "nlston." 


Such  are  the  basic  experime ital  results  which  concern  the 
emergence  of  detonation  in  high  density  systems,  when  transition 
to  detonation  is  realized  in  the  circuit:  laminar,  combustion  - 

..convective  combustion  - wave  low-speed  process  of  explosive 
conversion  - normal  high-sp<.ad  detonation.^ 


§ 27.  Transition  of  the  Combustion  of  Low-Density 
Explosives  to  Detonation 


III  this  ca,'  the  transition  of  combustion  to  detonation 
occurs  in  essence  in  the  circuit:  laminar  combustion  - convective 

combustion  - normal  detonation.  In  durable  shells  the  low-speed 
process  as  a rule  is  absent  or  of  small  dimension.  The  typical 
optical  photographs  of  the  transition  of  combustion  of  PETN  to 
detonation  are  shown  in  Pig.  8l  [1^]. 


^During  the  Ignlticn  of  the  charge  of  a powerful  explosive  at 
the  enclosed  end  in  a durable  shell  the  section  of  convective 
combustion  is  Insignificant  along  the  length. 


222 


Figure  81.  Typical  photographs  of  the  transition  of  combustion 
of  PETN  to  detonation.  a)  D=^700  m/s;  W=750  m/s  (6  = 0.56,  r^^SOC  um); 
b)  D=^)300  m/s,  R=2800  m/s,  V/=600  m/s  U = 0.4,  r=20  pm);  c)  D=7800 
m/s,  R=3200  m/s  (6  = 0.60,  r=20  pm);  d)  D=4700  rn/s , R'=7800  m/s, 

V/=250  m/s  (5  = 0.56,  r=500  pm).  1 - detonation  wave  (D);  2 - 


retonatlon  wave  in  the  products  of  explosion  (R)  or  in  the 
substance  (H');  3 - the  process,  preceding  detonation  (W). 
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1.  The  characteristic  feature  of  the  transition  of  combus- 
tion to  detonation  of  low-density  explosives  Is  the  development 
of  detonation  in  front  of  the  convective  combustion  front. 

This  experimental  fact  was  established  for  the  first  time  by 
-the  Soviet  researchers  Petrovskiy,  Sokolov,  and  Aksenov  [143]. 

Th:!s  result  is  one  of  the  basic  arguments  In  favor  of  applicability 
to  porous  explosives  of  the  "gas"  mechanism  of  transition  of 
combustion  to  detonation. 


From  the  given  photographs  it  is  evident  that  detonation 
is  preceded  by  the  developed  mode  of  convective  combustion 
v/ith  the  characteristic  "broken"  front.  This  form  of  notation 
i?  caused  (see  § 23)  by  the  fact  that  the  front  of  convective 
combustion  Is  not  plane,  and  the  inflammation  of  the  explosive 
occurs  in  separate  (large)  pores  v/hich  are  found  in  the  charge. 

Iti  powders  the  detonation  appearing  in  front  of  the  combustion 
iione  usually  does  not  lead  to  the  formation  of  a retonation 
v.'ave  moving  in  the  opposite  direction  (to  the  side,  of  tne  products 
of  combustion).  Between  the  region  of  detonation  and  the 
combustion  zone  a section  of  unreacting  substance  remains  which 
is  fixed  on  the  photographic  reccrdV.g  (Fig.  81a./  in  the  form 
of  ati  interruption  of  brightness.  In  work  [143]  It  was  shown 
indirectly  that  on  the  section  in  front  of  the  combustion  front 
a pre-pressing  of  the  explosive  occurs.  This  conclusion  was 
mac  ■ on  the  basis  of  the  analysis  of  the  condensed  residues  of 
exr.loslves  remaining  after  the  tests. 

For  the  purpose  of  obtaining  more  comnlete  information 
about  the  state  of  a substance,  ani  i’irst  of  all  the  direct 
proof  of  pre-pressing  in  this  zone,  special  tests  were  carried 
out  [l4j  in  which  the  retonation  wave  in  exoloslves  was  created 
artificially.  The  tests  were  reduced  to  the  following. 

Into  the  investigated  explosive  charge  in  the  place  of 
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origin  of  detonation  a small  quantity  ('^0.1  g)  of  slightly  pre- 
pressed lead  azide  was  placed.  In  other  resnects  the  test 
conditions  were  the  same.  The  compression  waves,  which  move  in 
front  of  tiie  combustion  caused  the  explosion  of  the  lead  v/hich 
-^dnltiated  the  detonation  of  explosives  of  initial  density  and 
pre-pressed  explosives.  The  optical  recording  of  one  of  such 
tests  is  presented  in  Fig.  8ld.  One  can  readily  see  that  the 
velocity  of  the  retonatlon  wave  In  explosives  substantially 
exceeds  the  velocity  of  the  detonation  wave.  For  the  oowder- 
like  charges  of  PETN  with  crystals  0.5  mm  in  size  the  velocity 
of  detonation  wave  is  equal  to  ^700  m/s  and  corresponds  to  an 

•5 

^initial  density  p=1.0  g/cm  , a virtually  constant  velocity  of 
retonatlon  wave  is  7800  m/s  and  answers  to  a density  of  p=1.55 

-3 

g/cm"".  This  result  gives  direct  proof  of  the  existence  of  a 
considerable  pre-pressing  of  powder-like  explosives  in  front  of 
the  combustion  front  under  the  action  of  compression  waves. 
Specifically,  with  this  is  connected,  in  our  opinion,  the 
absence  of  a retonatlon  wave  during  the  natural  emergence  of 
detonation.  If  we  compare  the  result  obtained  v;lth  the  value  of 
the  critical  pressure  of  the  initiation  of  detonation,  which, 
according  to  [150],  for  PETN  (p=1.0  g/cm^)  comprises  p =2.5 

K p 

kbar,  then  we  come  to  the  conclusion  that  the  pre-pressing  of 
explosives  to  a considerable  density  occurs  in  a compression 
v/ave  with  comparatively  low  intensity.  This  conclusion  will 
agree  with  that  which  was  obtained  in  work  [33],  the  authors 
of  which  made  an  analysis  of  the  porous  samples  of  explosl^'es 
w'hich  were  preserved  after  shock  loading.  It  was  establlsned 
that  under  the  Influence  of  a shock  wave  with  an  Intensity  of 
1.5-2  kbar  simultaneously  with  the  fragmentation  of  the  explosive 

■3 

its  compaction  from  a value  of  1.0  to  1.5  g/cm  occurs. 

From  the  examination  of  the  photograph  in  Pig.  Bid  another 
interesting  result  also  follows:  the  boundary,  which  divides 

sections  with  a different  detonation  velocity,  is  expressed 
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quite  clearly.  This  Indicates  that  the  compression  wave,  which 
causes  the  detonation  of  the  powder,  has  a steen  leading  edge. 

It  is  natural  that  the  effect  of  pre-pressing  is  especially 
pronounced  at  low  densities. 

We  have  examined  one  type  of  the  photographs  of  the  transi- 
tion cf  combustion  to  detonation. 

2.  In  the  majority  of  tests  the  detonation  wave  is  formed 
directly  near  the  accelerating  front  of  combustion.  In  this 
case  in  the  place  of  origin  of  detonation  frequently  an  Increase 
in  brigiitness  is  observed  (Fig.  8lb)  which  Is  connected,  in  our 
ocinion,  with  the  development  of  a local  explosion.  The  thermal 
explosion  of  a limited  volume  of  explosive  is  the  direct  cause 
for  t)ie  development  of  detonation.  The  exnloslon  of  PETN , '.’hlch 
leads  to  the  formation  of  a detonation  wave,  was  also  observcia 
under  other  test  conditions  [16]. 

This  fact  Indicates  that  the  em.ergence  of  local  explosions 
has  a general  nature  and  is  the  essential  and  inherent  element 
of  the  process  of  the  transition  of  combustion  of  explosives  to 
detonation.  It  was  established  that  during  transition  of  the 
combustion  of  PETN  to  detonation  the  local  explosions  occur 
not  only  directly  near  the  front  of  combustion,  but  also  at  a 
certain  distance  behind  the  front  - in  the  burning  medium  (Pig. 
6lc).  Explosion  A,  which  arose  in  the  zone  of  convective  com- 
bustion, with  a characteristic  "broken"  front  leads  to  the 
formation  of  a shock  wave,  which,  being  spread  at  a rate  of 
ifiCO  m/s,  overtakes  the  front  of  combustion  and  after  ari  Insigni- 
ficant ('v2  ps ) delay  causes  the  detonation  of  the  explosives 
(D=7800  m/s).  The  possibility  of  the  f-rmatlon  of  individual 
volumes  of  unburned  or  partially  reacted  substance  which  are 
canable  of  exnloslon  is  completely  natural,  since  the  front  of 
convective  combustion  is  not  plane  and  is  strongly  bent. 
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Figure  82.  Photography  of  the  transition  of  combustion  of  a 

mixture  of  10?  PS+90%  AP  to  detonation  (r=15  urn,  p=0.65  g/cm^, 
p=l  atm  open  tube  with  a length  of  100  cm). 

-Inc  = PS,  polystyrene;  nxA  = AP,  ammonium  perchlorate] 

The  emergence  of  local  explosions  was  observed  also  during 
the  transition  of  combustion  to  detonation  of  bulk  charges  of 
a mixture  of  ammonium  perchlorate  with  polystyrene  (Fig.  82). 

The  feature  of  these  tests,  made  with  the  partlcloatlon  of  A.  V. 
Obmenln  and  I.  N.  Lobanov,  lied  in  the  fact  that  unlike  those 
described  above  the  Ignition  of  the  charge  was  conducted  in  the 
atmosphere  at  the  open  end,  from  the  side  of  which  a gas-outlet 
tube  of  considerable  length  was  located  (Its  diameter  was  equal 
to  the  diameter  of  the  charge).  The  investigations  carried 
-cut  showed  that  after  Ignition  convective  combustion  appeared, 
which  caused  the  ejection  of  substance  into  the  free  space  of 
the  tube.  In  the  tube  the  volumetric  combustion  of  the  rejected 
substance  was  the  reason  for  the  rapid  rise  In  pressure,  the 
result  of  v/hlch  was  the  development  of  local  explosions  In  the  zone 
of  convective  combustion,  leading  to  the  detonation  of  the  mixture. 
In  this  arrangement  of  the  development  of  the  process  the 
transition  of  combustion  to  detonation  occurs  under  conditions 
of  a low-strength  shell  v/hlch  surrounds  the  explosive  charge. 

It  is  necessary  to  note  that  the  emergence  of  detonation  In 
a burning  medium  was  observed  earlier  by  Petri  [9]  during  the 
study  of  the  transition  of  combustion  to  detonation  of  the 
Initiating  explosive  - mercury  fulminate. 

The  newest  studies  of  Lt  transition  of  the  combustion  of 
gas  systems  to  detonation,  carried  out  with  phe  use  of  Schlieren 


227 


methods,  showed  [138,  l^^l]  that  the  basic  reason  for  the  emergence 
of  detonation  also  is  the  local  explosion  of  the  adlabatlcally 

compressed  volume  of  the  mixture  In  front  of  the  turbulent  zone 
of  the  flame. 


Table  15  depicts  the  characteristic  paths  of  development 
c:  ar.  explosion  In  porous  explosives. 


der:jlty  (Independent  shell  (p'>_p  )•  tlon  - convective  -low-speed  process  to  detonation 

of  the  initial  combustion  - low- 

Glsperslty  of  the  speed  process  - 
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§ 28.  Predetonation  i^ection 


The  quantitative  characteristic  of  the  tendency  toward  the 
transition  of  the  combustion  of  explosives  to  detonation  is  the 
extent  of  the  predetonation  section  L , l.e.,  the  distance  from 
the  point  of  ignition  to  the  place  of  origin  of  detonation.  This 
value  makes  it  possible  to  compare  the  f.ifferent  classes  of 
explosives  based  cn  their  tendency  toward  the  development  of 
detonation. 

The  measurement  of  the  length  of  the  predetonation  section 

was  conductea  in  works  [14,  142-144,  loi,].  Value  L can  be 

np 

determined  easily  from  continuous  optical  recordings.  However, 
t;.e  use  of  optical  recoi’ding  is  not  always  possible  and  substan- 
tially complicates  the  testing.  Therefore  wide  acceptance  has 
been  received  by  a method  of  determination  which  is  simple  in 
executio:';  [1'^,  142,  lo5J.  It  is  based  on  the  analysis  of  the 
deformed  c/iannel  of  the  thick-walled  metal  shell,' which  was  not 
broken  in  ti:e  test.  This  analysis  becomes  possible,  if  the  shell 
after  the  coiiductlng  of  the  test  is  cut  along  the  axis  of  tne 
channel . 

Figure  83  is  a diagrammatic  representation  a and  photograph 
b of  the  channel,  deformed  after  the  test,  of  a thick-walled 
ohell,  where  A is  the  point  of  ignition  of  the  Investigated  porous 
sample,  AL  - predetonation  section,  DE  - the  section  of  detonation. 


Figure  83.  Diagrammatic  repre.sentation  (a)  and  pfiotograph  (b)  of 
internal  cnannel  of  the  shell  after  the  transition  of  combustion 
to  detonation. 
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In  the  predetonation  region  the  diameter  of  the  channel  is 
Increased  smoothly  and  after  a certain  distance  AC  takes  a 
constant  value  which  further  virtually  is  not  changed.  It  was 
.established  that  simultaneously  with  a change  in  the  form  of 
ttie  channel  a change  occurs  in  the  color  of  its  internal  surface 
[1^].  After  the  section  of  the  emergence  of  the  inflation  of  the 
jchannel  to  constant  value  C a sharp  boundary  D is  observed  which 
is  perpendlcularr  to  the  axis  of  the  charge  and  separates  two 
regions  which  are  different  in  color;  the  bright  zone  BDj  arranged 
in  tlie  predetcnatlon  region,  from  the  dark  zone  DE , which 
corresponds  to  the  section  of  detonation.  The  comparison  of  the 
impressions  obtained  with  the  optical  recording  made  it  possible 
to  establish  that  boundary  D corresponds  to  the  place  of  origin 
of  detonation.  The  change  in  the  color  is  apparently  connected 
with  the  different  nature  of  deformation  of  the  shell  in  the 
predetonation  region  and  on  the  section  of  detonation,  and  also  - 
witii  the  difference  in  the  composition  of  the  explosion  products, 

On  the  section  of  detonation  the  intense  destruction  of  the  channel 
is  observed  and  the  formation  of  deep  longitudinal  cracxs.  The 
intergrowth  of  cracks  partially  covers  the  "trlghf  zone  in  the 
predetonation  region. 

In  a number  of  cases  the  diameter  of  the  deformed  channel  on 
the  section  CD  of  the  "bright"  zone  somewhat  exceeds  the  diameter 
of  the  channel  on  section  DE  (in  Fig.  83a  shown  by  the  dotted  line). 
Furthermore,  the  point  of  emergence  of  the  inflation  of  the 
channel  to  a constant  value  does  not  correspond,  as  a rule,  to  the 
place  of  origin  of  detonation  (AC  < AD)  (see  Fig.  83a).  Therefore 
the  detei-mination  of  the  length  of  the  predetonation  section 
based  on  the  emergence  of  the  inflation  to  a constant  value,  as 
this  was  done  in  [1^2],  leads  to  the  understating  of  the  true 
value  of  L 

np 

The  point  of  ignition  A corresponds,  as  a rule,  to  the 
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beginning  of  the  emergence  of  convective  combustion.  During  the 

ignition  of  the  explosive  at  the  enclosed  end  the  stage  of  laminar 

combustion  is  virtually  absent  as  a result  of  the  rapid  pressure 

buildup  and  achievement  of  critical  separation  pressure  p^.  In 

case  ol'  tlie  open  end  the  arrangement  of  the  "embedded  charge" 

was  used  [1^]  (see  Fig.  2)  and  the  investigated  porous  explosive 

was  ignited  througli  the  layer  of  the  solid  (gas-impermeable) 

substance  at  a pressui’e  p>p  so  that  convective  combustion  appeared 

c 

Immediately.  The  combustion  of  the  charge  in  the  shell  was 
realised  in  a bomb  with  a large  free  volume,  the  necessary  pressure 
in  whlcii  was  created  by  the  preliminary  combustion  of  an  auxiliary 
obargo . 

Let  us  illustrate  the  basic  character'lst ic  results  for 
iiomogeneous  explosives  in  an  example  of  PETF , the  combustion  of 
wlilch  converts  to  detonation,  particularly  easily. 
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Influence  of  the  parameters  of  the  charge  of  homogeneous 
explosives.  On  the  curve  in  Fig.  the  dependences  of  the  length 
of  tne  predetonation  section  on 
porosity  for  FETN  with  initial 
particle  sizes  r=20  pm  and  v- 
= [>00  pm  are  presented.  The 
magnitude  of  porosity  changed 
in  a wide  Interval  from  0.7  to 
O.jM.  'iiie  given  data 
correspond  to  Ignition  at 
the  open  end  in  the  arrange- 
ment Just  described  and  are 

obtained  in  a brass  shell  with  a wall  thickness  of  20  mm.  Let 
us  note  the  presence  of  spread  in  the  magnitude  of  the  predetona- 
tion section,  especially  in  the  case  of  finely  crystalline  PETN . 
This  required  the  conducting  of  a large  number  of  tests,  on  the 
basis  of  the  averaging  of  results  of  which  the  curves  in  Fig.  84 
were  constructed.  The  dotted  line  on  the  graph  in  Fig.  84  is 


Figure  84.  Dependence  of  the 
length  of  the  predetonation  sec- 
tion on  porosity  (PETN).  1 - r= 
= 20  pm;  2 - r:;500  pm. 
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used  to  plot  the  averaged  curve  for  PETN  with  r;20  ym.  From  the, 

given  data  It  follows  that  function  L„  (m)  has  a minimum,  the 

np 

location  of  which  with  an  Increase  of  particle  size  Is  displaced 
into  the  range  of  lower  values  of  porosity.  At  high  values  of 
porosity  (m=0.5)  finely  crystalline  PETN  (r:;20  pm)  yields  to 
detonation  easier  than  coarse-crystalline  PETN  (r^SQO  pm).  At 
low  values  of  porosity  a reverse  picture  is  observed.  From  the 
graph  it  is  evident  that  PETN  with  particle  sizes  r~500  pm  is  able 
to  convert  to  detonation  at  very  low  porosity  (m~0.05),  in  this 
case  the  predetonation  section  does  not  exceed  50  mm.  A further 
very  insignificant  decrease  in  porosity  produces  a sharp  increase 
in  the  length  of  the  predetonation  section.  The  magnitude  of 
porosity,  beginning  with  which  an  essential  increase  of  is 
observed  decreases  from  0.1  to  0.05  with  an  increase  of  particle 
size  from  20  to  500  pm  and  corresponds  approximately  to  the 

-4 

identical  initial  gas  permeability  of  explosives,  equal  to  10 
darcy.  Tests  were  also  carried  out  with  PETN  r~120  pm.  It  was 
shown  that  the  curves  of  L^p(ra)  for  particles  with  initial  size 
of  120  and  500  pm  virtually  coincide,  with  the  exception  of  a 
small  difference  at  low  and  high  values  of  porosity.  This  fact 
indicates  that  the  porous  structures  obtained  are  close  to  each 
other,  which  is  connected  with  the  destruction  of  particles  in  the 
process  of  pressing  (see  § 4). 

The  sharp  increase  in  at  low  values  of  porosity  is  caused 
by  the  emergence  of  the  stable  low-speed  modes  of  explosive 
conversion.  Also  not  surprising  is  the  noticeable  spread  in  the 
extents  ol  the  predetonation  section,  since,  as  we  saw,  the  forms 
of  transition  to  detonation  are  sufficiently  diverse. 

A study  of  the  transition  of  combustion  to  detonation  by 
homogeneous  porous  explosives  (octogen,  cyclonite,  PETN,  tetryl) 
was  conducted  by  Griffiths  and  Grukok  [142].  The  ignition  of  the 
open  end  of  the  explosive  charge,  enclosed  in  brass  shells,  was 
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}''lgure  35 . Nature  of  change  In 
the  lengtli  of  the  predetonatlon 
section  for  octogen 


realized  tlirough  the  layer  of 
lead  styphnate.  They  investi- 
gated the  effect  of  porosity, 
initial  size  of  explosive 
particles  and  the  conditions  of 
gas  release.  Data  are  given 
for  octogen  (Fig.  85)  which 
are  constructed  in  coordinates 
L^p=lg  d/t'),  where  value  t' 
characterizes  the  gas  perme- 
ability of  tiie  explosive  and  depends  wholly  on  the  conditions  of 
its  dotorniinatlon . Unfortunately,  the  authors  do  net  give  tlie 
oonnectlon  of  value  (1/f)  with  porosity  ana  particle  size  of  the 
explosive.  At  tlie  same  time  the  general  nature  of  tiie  dependence 
is  oatliiii.'d  wu'll.  From  the  data  in  Fig.  85  it  I'ollovm  that  with 
a ennstant  initial  particle  size  there  is  an  optimum  porosity  of 
explosive,  to  which  tiie  smallest  predetonation  section  corresponds. 

Vnus  tlie  pi'osonce  of  a minimum  on  the  curve  L (m)  is  apparently 

np  . 

a oharac teristic  feature  of  homogeneous  explosives. 


Tlie  decrease  of  the  Initial  size  of  particles  of  the  explosive 
(at  a constant  pressure  of  pressing  'vlSO  atm)  led  to  a reduction 
of  the  predetonation  section  to  a definite  limit,  whereupon  value 
l.^p  increased.  The  optimum  particle  size  for  octogen  and  cyclonlte 
turned  out  to  be  equal  to  124-251  pm,  for  PETN  - 76-124  pm  [142], 


A study  of  the  transition  of  combustion  to  detonation  of  a 
wide  circle  of  homogeneous  explosives  at  a constant  density 
(0.9-1'i^  gm/cm'^)  was  conducted  in  work  [I65].  A steel  tube  with 
inside  diameter  6. 4-6. 8 mm  (wall  thickness  15  mm)  and  length  of 
200-350  mm  was  used;  from  the  side  of  Ignition  a steel  plug  with 
a channel  2 mm  in  diameter  was  placed.  The  values  obtained  for 
the  length  of  tlie  predetonation  section  (in  cm)  are  given  below: 


.... . . .uijiiii  ..u!i 


PETN  Octogea  Cyclonlte  DINA  Tetryl  Styphnic  Picric  Trotyl 

acid  acid 

1 1-2.5  1.5-3  3-7  ^-6  10-12  12-13  >29 

It  is  remarkable  that  the  tendency  toward  the  transition  of 
combustion  to  detonation  for  the  majority  of  the  studied  explosives 
increases  in  proportion  to  the  increase  in  the  heat  of  the 
explosion. 

Systematic  studies  of  the  effect  of  the  diameter  of  charge 
and  conditions  of  gas  release  on  the  emergence  of  detonation 
__were  not  made.  It  Is  noted  only  [165]  that  for  low-power  explosives 
(trotyl,  picric  acid)  an  increase  in  the  diameter  of  charge  and 
damping  of  the  open  (from  the  side  of  ignition)  end  of  the  charge 
led  to  a contraction  in  length  of  the  predetonation  section.  For 
powerful  explosives  (PETN,  cyclonlte)  the  effect  of  the  indicated 
parameters  is  expressed  considerably  more  weakly. 

As  concerns  the  role  of  the  shell,  then  the  tests  made  by  us 

on  PETN  (p=1.45  g/cra^,  r=500  pm,  d^*5  mm)  in  steel  shells  with 

different  wall  thickness  showed  that  for  the  transition  of 
combustion  to  detonation  a certain  minimum  strength  of  shell  was 
necessary , one  such  that  the  condition  p'>p^  would  be  realized. 

K p 

It  was  established  that  with  a decrease  of  wall  thickness  A from 

17  to  3 mm  value  L did  not  change  and  it  comprised  L =15  mm. 

np  u Pip 

In  this  case  the  pressure  which  is  realized  in  the  shell  before 
destruction  p’,  exceeds  P^^p-  An  increase  of  the  predetonation 
section  was  observed  with  A<3  mm,  when  p'->-p^p.  Finally,  in  thin- 
walled  shells  (A=0. 5-1.0  mm;  p'<p^  ) the  conversion  of  combustion 

K p 

to  detonation  was  absent  and  a low-speed  process  was  spread.  Dur- 
ing a further  decrease  of  A the  combustion  died  out. 

Mixtures  on  a base  of  ammonium  perchlorate  [14].  Table  l^ 
depicts  the  averaged  results  of  several  tests  of  the  measurement 
of  the  length  of  the  predetonation  section  for  mixture  explosives 
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Table  1^.  Length  of  the  predetonation  section,  mm. 


i 

Explosive 

Porosity 

0 . 6 

0 .45 

0.25 

i.. -Stoichiomet.'^lc  mixtui’e  of  - 

ammonium  perchlorate  with 
polystyrene 

85  , 

.140 

>240 

The  same  with  trotvl 

60 

120 

>240 

PETN 

40 

20 

30 

(particle  size  of  components  r,.15  pm)  during  Ignition  at  the 
enclosed  end.  The  tests  were  conducted  in  steel  tubes  with  walls 
-lo-dG  in  thickness. 


, "■'or  a comparision  in  this  same  table  data  are  given  for  PETH 

of  close  dispersity  (r;21  ym).  From  Table  14  it  follows  that  the 
nature  of  the  dependence  of  the  length  of  the  predetonation  section 
on  perenity  for  tiie  investigated  mixture  explosives  and  homogeneous 
explosives  is  different.  For  mixture  explosives  an  Increase  in 
th.e  length  of  the  predetonation  section  is  observed  with  a 
deex’ease  in  tne  porosity  in  the  entire  investigated  interval  of 
cnange  in  the  latter. 

Mixtures  on  a base  of  ammonium  nitreie.  In  work  [l44]  a study 
v.a,;  made  of  the  transition  of  combustion  to  detonation  for  a 
nur".;.  er  of  Industrial  explosives  on  a base  of  ammonium  nitrate. 

Tne  tests  were  conducted  in  thick-walled  steel  tubes  v/ith  screw- 
c.n  caps.  Cr. urges  of  bulk  deiisity  were  used  which  Ignited  at  the 
closed  end  of  the  tube.  It  is  remarkable  thai;  the  authors  were 
aole  to  obtain  tne  transition  of  combustion  to  detonation  only  in 
tiju  case  v;hen  the  length  of  the  tube  exceeded  1-2  rn.  The  results 
of  t'iie  tests  arc  pi^esented  in  Table  1^. 


Fr 


.he  examination  of  the  tabulated  data  it  follows  that 


the  combustion  of  mixture  explosives  on  a base  of  a weaker 
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oxidizer  - ammonium  nitrate  is  characterized  by  considerably  less 
tendency  toward  transition  to  detonation  than  perchlorate 
compositions.  Tlie  combustion  of  pure  ammonium  nitrate,  and  also 
mixtures  of  It  with  an  inert  combustible  (dinamon  AM-10)  do  not 
convei-t  to  detonation  at  tube  length  up  to  uOOO  mm.  The  introduc- 
tion of  active  combustible  - explosives  (trotyl,  cyclonlte)  sub- 
stantially raises  the  tendency  toward  the  transition  of  combustion 
tc  detonation,  nevertheless  even  for  rock  ammonite  No.  1 the 
predetonation  section  exceeds  the  corresponding  value  for 
perchlorate  mixtures.  It  should  also  be  noted  that  close  values 
of  arc  obtained  both  for  pure  trotyl  and  for  the  industrial 

oxi  looivc.:.  whicn  contain  in  theii-  composition  only  HI"  trotyl 
( ammoxii te  Iv’o.  6 and  grain  granullte  79/HlB).  The  authors  obtained 
a ocmev.’iiat  unusual  effect,  vhiich  entails  the  fact  that  an  increase 
in  the  diameter  of  the  charge  lea  to  an  Increase  in  the  length 
of  tlie  predetonation  section.  This  result,  in  the  opinion  of 
tne  , is  conditioned  by  the  point  nature  of  inflammation 

(diameter  of  igniter  was  1 cm)  and  by  the  forriiatlon  of  the 
spnericai  aivergent  flame  front,  a result  of  wiilch  is  the  slower 
pressure  inci'easc  in  the  combustion  zone.  It  is  noted  that  a 
feature  of  the  transition  of  the  combustion  of  industrial  explosives 
to  detonation  is  the  irregular  statistical  nature  of  its  emergence. 

As  a v/hole  it  is  necessary  to  emphasize  that  during  the 
transition  of  combustion  to  detonation  of  mixture  explosives  a 
significant  role  1_  played  not  only  by  the  physical,  but  also 
tn-_-  c.-.e.'iiical  factors  (chemical  nature  of  separate  coiiiponents  of 
thf"  mixture).  The  processes  of  diffusion  mixing  are  of  great 
significance . 


Let  us  pass  to  a brief  discussion  of  the  results  of  the 
transition  of  the  combustion  of  porous  explosives  to  detonation. 

The  emergence  of  detonation  in  front  of  the  accelerating 
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front  of  Gombustlorij  and  also  the  pre-pressing  of  the  explosive 
In  the  transient  area  (see  Fig.  81a,  d)  confirm  the  point  of 
view  that  the  basic  reason  for  the  emergence  of  detonation  Is  the 
shock  wave  which  Is  formed  as  a result  of  the  Interference  of 
,-^ompression  waves.  Initiated  by  the  combustion  front,  l.e.,  In 
tile  classical  "piston"  mechanism.  This  mechanism  was  discussed 
in  the  literature  [121,  142^  .’■•3]. 

From  the  viewpoint  of  this  mechanism  It  is  possible  to  explain 
the  nature  of  the  change  In  the  length  of  the  predetonation 
section  from  porosity  m.  The  basic  factor  which  determines 

the  formation  of  the  shock  wave  during  the  ignition  of  explosives 
on  one  of  tiie  ends  of  the  tube  is  the  rate  of  change  In  time  of 
pressure  dp/dt  in  the  combustion  zone.  The  nature  of  change 
dp/dt  is  determined  by  tne  burning  surface  (by  the  specific  surface 
area  of  pores  and  by  the  rate  of  their  convective  ignition) , and 
also  by  the  dependence  of  the  rate  of  cor.bustion  of  the  explosive 
on  pressure.  As  it  was  noted,  for  liomogeneous  explosives  there 
is  an  optimum  value  of  porosity  and  partlc?v.  size,  at  which  the 
length  of  the  predetonation  section  is  minimum.  The  maximum  sur- 
face of  pores  encompassed  by  combustion  corresponds  to  the  optimum 
value  of  porosity.  In  this  connection  it  is  necessary  to  emphasize 
that  for  finely  crystalline  PETN  (se^,-  Fig.  84)  a satisfactory 
conformity  is  ojserved  in  the  values  of  porosity  (m=0. 3-0.5), 
at  which  the  specific  surface  area  of  pores  (see  Fig.  14)  and 
rate  of  convective  combustion  (see  Fig.  6l)  reach  the  maximum 
va''ue.  During  the  explanation  of  depenaence  L^p(m)  for  coarse- 
crystalline  PETN  it  is  necessary  to  consider  the  fragmentation  of 
particles  under  the  effect  of  compression  waves. 

Unlike  homogeneous  explosives  for  the  inve.stlgated  mixture 

explosives  the  curve  L (m)  does  not  have  a minimum.  This  dls- 

np 

tlnctlon  is  connected,  in  our  opinion,  with  the  following  facts. 

If  for  homogeneous  explosives  the  rate  of  laminar  combustion 
increases  linearly  with  pressure,  then  the  rate  of  combustion  of 
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mixture  explosives  at  a pressure  of  the  order  of  several  kllobars 
does  not  depend  on  pressure  [23],  which  naturally  leads  to  a 
slower  Increase  in  pressure  dp/dt  during  the  ignition  of  mixture 
explosives.  Furthermore,  with  an  Increase  in  the  density  the 
"^-"critical  diameter  of  detonation  decreases  for  homogeneous  explosives 
[137]  and  increases  for  mixture  explosives  [108].  With  an  increase 
of  density  of  mixture  explosives  the  critical  pressure  of  the 
Initiation  of  detonation  (see  § 29)  also  is  Increased  sharply. 

The  aforesaid  makes  it  possible  to  explain  the  high  absolute 
values  of  Lhe  length  of  the  predetonation  section  of  mixture 

- exr.  loslves  and  the  intense  increase  of  L with  an  increase  in 

np 

dei'.sLty  wi.lch  is  observed  in  experiment.  During  a slow  pressure 
LUildup  ill  tiiO  combustion  zone  of  mixture  explosives  the 
pre-pres siiig  of  the  substance  at  a considerable  distance  along 
tne  length  of  the  charge  can  lead  to  the  fact  that  the  system 
ceases  tc  so  detonation  capable,  and  the  emergence  of  detonacion 
d_oes  not  occur. 

For  the  construction  of  the  theory  of  the  transition  of 
combustion  to  detonation  it  is  extremely  Imnortant  to  know  the 
wave  picture  appearing  in  front  of  the  combustion  front,  and 
also  the  laws  governing  propagation  and  Interference  of  the 
compression  waves,  which  determine  the  formation  of  the  shock 
wave  of  critical  intensity.  Unfortunately,  at  present  this  question 
is  virtually  unstudied.  The  considerations  on  this  question  which 
are  contained  in  different  works  have  not  been  confirmed 
experimentally.  The  difficulties  existing  here  are  caused  In 
essence  by  the  absence  of  data  on  the  laws  governing  the  propaga- 
tion of  v;eak  compression  waves  in  a porous  thickening  medium. 

in  conclusion  it  should  be  noted  that  the  "piston"  mechanism 
is  simplified,  greatly  idealized.  The  real  mechanism  is 
considerably  more  complex.  First  of  all  it  is  necessary  to 
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M^onsider  the  fact  that  a shock  wave  of  critical  intensity  can 
appear  as  a result  of  the  local  explosion  of  the  Individual  volumes 
of  explosive. 

D.  HMERGHNCE  OF  DETONATION  DURING 
SHOCK  INITIATION 


§ 29.  Determination  of  the  Critical 
Pressures  of  the  Initiation  of 
Detonation 

The  final  result  of  the  predetonation  development  of  combustion 
is  the  formation  of  the  shock  wave  which  causes  the  aetonation 
of  the  explosives,  if  the  wave  amplitude  reaches  a value  equal 
to  the  critical  pressure  of  initiation  of  detonation  (p  ).  The 
analysis  of  the  transition  of  combustion  to  detonation  is 
Impossible  without  knowledge  of  the  critical  pressures  of  tlje 
initiation  of  detonation.  The  initiation  of  detonation  by  a 
shook  wave  was  Investigated  lnt.en.sely  recently  mainly  in  connection 
with  the  determination  of  the  sensitivity  of  diffe"ent  explosives 
to  the  snock  effect.  ; ' i; 

For  experimental  determination  of  It  is  necessary  first 
of  all  to  know  the  shock  adiabatic  curve  of  the  explosive,  i.e., 
the  connection  between  pressure  and  specific  volume  of  the  sub- 
stance on  the  shock  front  or,  what  is  the  the  connection 

betv/een  tne  pressure  (velocity  of  shock  wave  and  the  n.ass  flow 
rate  of  the  suostance.  The  determination  of  the  shock  adiabatic 
curves  (dynamic  compressibility)  of  condensed  substances  is 
treated  in  many  works , a survey  of  which  is  contai.ned  in  [1^0].  As 
concerns  explosives,  then  mainly  the  dynamic  compressibility  of 
trotyl  and  cyclonlte  at  a density  close  to  maximum  was  Investigated. 
In  the  literature  there  are  very  limited  data  on  the  comoressibl llty 
of  rorou'^  explosives:  PETN  [150]  and  ammonium  perchlorate 

[151]  of  bulk  density,  and  pressed  TNT  157].  The  recording 
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of  rhock  adiabatic  curves  for  explosives  Is  a complex  and  laborious 
process.  Therefore  great  significance  is  acquired  by  the  method 
of  calculation  of  the  shock  adiabatic  curves  of  exp-oslves. 

Generalized  shock  adiabatic  curve.  In  work  [14^]  it  was 
shown  that  the  dynamic  compressibility  of  a number  of  metals  can 
be  described  by  a single  dependence  (generalized  shock  adiabatic 
curve),  in  which  only  two  initial  parameters  enter  - density  Pq 
and  the  speed  of  sound.  The  authors  arrived  at  this  conclusion 
on  the  basis  of  the  processing  of  the  available  experimental  data, 
utilizing  in  implicit  form  the  law  of  similarity. 


Afanasenkov,  Bogomolov,  and  Voskoboynlkov  Ll4C]  showed  the 
validity  of  this  conclusion  for  organic  substances.  It  was 
,es cat  11  si'.ed  that  for  liquids  the  experimental  data  are  described 
by  a single  dependence  of  the  form 

D ■:C^  \ 2U ■ (72) 

where  D - the  velocity  of  the  shock  wave;  U - mass  flow  rate; 

Cq  - the  bulk  speed  of  sound  Ir*  the  initial  conditions. 

It  turned  out  that  Che  analogous  dependence  was  valid  also 
for  cast  TNT  and  pressed  cyclonlte  of  high  density.  This  fact, 
ana  aJ.so  the  fact  that  a solid  in  a shock  wave,  when  the  yield 
point  is  exceeded  can  be  considered  as  a liquid,  served  as  the 
oa.:ic  for  recommending  expression  (72)  as  the  generalized  shock 
aaiat.atic  curve  of  organ-’ c explosives.  The  comparison  made  by  the 
autiiorc  of  the  shock  adiabatic  curves,  calculated  from  (72)  and 
ruoasured  experimentally,  shelved  satisfactory  accord.  Thus  was 
established  [1^6]  the  possibility  of  the  construction  of  the 
a priori  snock  adiabatic  curve  of  organic  explosives.  For  the 
const  ruction  of  the  shock  adiabatic  curve  of  individual  explosives 
It  Is  necessary  to  determine  only  the  bulk  speed  of  sound  C^. 


During  the  calculation  of  the  bulk  speed  of  sound  Cq  In  a 
liquid  It  is  convenient  to  use  Rao's  formula: 

(73) 

i 

where  p^j  M - the  initial  density  and  the  molecular  weight  of  the 
substance;  - number  of  chemical  bonds  of  this  form;  - the 
increments  of  these  bonds. 

Value  Cq  can  also  be  determined  experimentally:  by  the 

ultrasonic  technique  - In  a test  longitudinal  and  transverse 

speed  of  sound  in  a solid  are  measured,  and  is  calculated 

from  the  expression: 

(74) 

or  in  tests  regarding  the  isothermal  compressibility  of  the 
substance. 

In  work  [149]  values  were  calculated  for  a number  of 
solid  explosives  and  linear  polymers^,  which  are  given  in  Table  l6. 

Mixture  systems  [146,  168].  During  the  calculation  of  the 
shock  adiabatic  curve  of  a nonporous  mixture  of  two  (and  more) 
solids  it  was  assumed  that  the  pressure  in  components  at  the 
snock  v/avo  front  is  equalized  ~P2 ^ heat  exchange 

between  them  is  absent  ' - 

= aU\ — u)  V-,  (75) 


^Kiiowledge  of  for  polymers  perjnlts  implemention  of  the  calcula- 
tion of  the  shock  adiabatic  curves  of  mixture  powders  and  different 
model  compositions.  The  shock  adiabatic  curve  of  NHj^ClG^  is 

writte/i  in  the  form  D'-Ch +1. 5'J-O . OlcU^  . 
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Table  16.  Magnitude  of  the  bulk  speed  of  sound  In  some 
explosives  and  polymeric  materials. 

_ Bulk  speed  of  sound, 
fD  m/s 

3 

w 31P5  oo 
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rf  O o 9 O M M 
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v/here  b’^>  b'2  - respectively  mass  flow  rate  of  mixture,  first 

and  second  components]  a - the  weight  fraction  of  the  first 
c smponent . 

After  determining  the  shock  adiabatic  curves  of  components 
according  to  (72),  it  is  possible  to  construct  the  adiabatic  curve 
of  trie  mixture.  On  the  curve  of  Fig.  86  a comparison  Is  given  of 
the  calculation  with  experiment  for  the  composition  trotyl  - 
cyclonlte  30/70. 


p,  kta!" 


Figure  86.  iJhock  adiabatic 
curve  of  the  composition 
trotyl  - cyclonlte  (30/70). 

1 - calculation;  2 - experi- 
ment . 


0 1 1 J 

0,2  0,7  u,  kn/s 


Porous  substances  [146],  During  the  construction  of  the 
nonequlllhr.lum  shock  ndlabatlc  curve  of  porous  substance  actually 
the  same  considerations  aiid  assumptions  that  are  presented  above 
were  utilized.  A mixture  consisting  of  a solid  phase  (explosives) 
and  air  in  pores  was  examined.  Additionally  it  was  assumed  that 
during  compression  the  final  air  volume  was  different  from  zero, 
.and  the  weight  fraction  of  air  was  negligible.  Then  the  shock 
adiabatic  curve  of  the  porous  substance  takes  the  form 

= f/?  + P(1  - 1/T)  - 1/f  J.  (76) 


whp’^e  y=Vq/V  - the  compression  ratio  of  air  in  pores,  - the 

Initial  density  of  the  porous  substance,  - the  Initial  density 

of  the  bulk  solid  explosive.  Values  p and  are  assigned  by  the 
known  shock  adiabatic  curve  of  the  bulk  solid  component.  It  was 
established  [146]  that  the  best  agreement  of  calculation  and 
experiment  occurs  with  y=7  (Fig.  87). 


With  the  indicated  method 
a calculation  was  made  of  the 
shock  adiabatic  curves  of 
porous  explosives  during  the 
determination  of  the  critical 
pressures  p of  the  initiation 
of  detv''natlon. 


p,  kba:' 


Measurement  of  the 
critical  pressure  of 
initiation  of  detonation. 

There  are  several  methods 


Figure  87  Shock  adiabatic  curve 
of  porous  PETN  (1)  (p-1.0  g/cm3) 
and  trotyl  (II)  (p=1.43  g/cm^). 
Lines  are  calculation,  points  are 
experiment:  1 - according  to 

[150];  2 - [157]. 


of  determination  of  p , with 

the  content  of  which  it  is  possible  to  become  acquainted  in  work 
[148].  If  in  early  investigations  the  transmission  of  detonation 
from  an  active  charge  to  passive  was  realized  in  essence  through 
the  air  gap,  then  in  recent  years  wide  acceptance  has  been 
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based 


received  by  the  experimental  method  of  determination  of  P^pi 
on  the uti lization  of  an  inert  barrier  (metal,  plexiglass,  etc.). 

The  diagram  of  the  test  is  pre'^ented  in  Fig.  88a  (1  - explosives, 

2-  barrier,  3 - active 
ehai’ge,  ^ - lens,  5 detona- 
tor), and  its  graphj.c 
Interpretation  - in  Fig.  88b 
(01  - the  shock  adiabatic 
curve  of  the  material  of 
the  barrier.  Oil  - the  shock 
adiabatic  curve  of  the 
investigated  explosives, 

1 2 - the  Isentrope  of 
expansion  of  the  barrier). 
During  the  detonation  of 
active  charge  into  the  barrier 
a sijcck  wa/e  eiiters,  the  pressure  in  which  is  determined,  if  the 
shock  aaiabatlc  curve  of  the  explosive  and  the  dependence  of  the 
macs  flow  rate  of  the  material  of  the  barrier  on  the  properties 
of  tiitf  active  charge  are  known.  After  the  approach  of  the  wave 
tc  the  bai'rler-investigated  explosive  boundary  conversely  a 
I’elief  wave  Is  spread  on  the  barrier  and  on  tlie  explosive  - a 
shock  wave. 


a)  b) 

Flgui'e  00.  Determination  of  the 
critical  pressure  of  initiation 
of  deocnacion.  a'  diagram  of 
experiment;  b)  its  gi-aphic 
interpretation . 


The  pressure  of  the  shock  wave  which  entered  the  Investigated 
explosive  is  determined  by  the  point  of  intersection  2 of  tlie 
shock  adiabatic  curve  of  tfie  explosive  with  the  Isentrope  of 
expansion  of  the  material  of  the  barrier,  outgoint  from  point  I 
(Isentrope  is  the  mirror  reflection  of  tlje  shock  adiabatic  curve 
of  the  barrier).  The  critical  pressure  p ^ is  defined  as  the 

H p 

minimam  pressure  of  the  shock  wave  entering  the  explosive  at 
which  tne  detonation  of  the  charge  is  excited. 


Value  p^p  depends  on  the  parameters  of  the  charge  (density, 
initial  size  of  particles,  diameter).  A specific  effect  can  be 


21)6 


exerted  by  the  profile  of  the  Initiating  shock  wave’. 


Let  us  examine  the  results  of  measurement  of  p , obtained 

Kp 

in  a common  test  setup  (Fig.  88).  An  active  charge  of  trotyl 
[l47j  or  of  a mixture  of  TNT  + NaCl  of  different  percentage 
composition  [1^9]  was  used.  The  diameter  and  height  of  the  active 
charge  were  ^0  and  60-100  mm  respectively.  For  the  purpose  of 
obtaining  a plane  detonation  front  an  explosive  lens  was  utilized. 
The  barrier  w'''^  a copper  plate  with  a thickness  of  5 mm.  The 
passive  charge  of  the  Investigated  explosive  (without  a shell)  had 
the  following  dimensions:  diameter  20  mm,  height  60  mm.  Emergence 

of  detonation  was  fixed  by  the  optical  method  with  photography 
of  the  charge  from  the  lateral  surface  or  from  the  end. 


In  this  experimental  setup  a study  was  made  of  the  dependence 
of  the  critical  pressure  of  initiation  of  detonation  on  relative 
density  for  trotyl,  cyclonite  [147-1^9] > PETN,  and  also  for 
a stclchiometric  mixture  of  ammonium  perchlorate  with  polystyrene^. 
The  findings  are  presented  in  Fig.  89. 

Figure  89.  Dependence  of  the 
critical  pressure  of  initia- 
tion of  detonation  on  porosity. 

1 - trotyl,  r<100  ym;  2 - 
cyclonite,  r<100  ym;  3 - PETN, 
r~20  ym;  4 - stoichiometric 
mixture  of  ammonium  perchlo- 
rate with  polystyrene,  rtl5 
ym. 

0,7  0,3  S' 


’in  work  [149]  it  is  noted  that  the  profile  of  the  initiating 
shock  wave  is  essential  for  homogeneous  explosives.  For  porous 
systems  value  p^^  is  determined  in  essence  by  the  amplitude  of  the 

initiating  shock  wave.  In  favor  of  this  is  the  fact  that  value 
foi'  charges  of  porous  explosives  of  identical  diameter, 

obtained  by  different  methods,  turn  out  to  be  close. 

^Dependence  of  Pnp(i5)  for  PETN  and  a mixture  system  was  obtained 
by  A.  V.  Obmenln. 
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From  them  It  follows  that  for  the  secondary  explosives  with 
<5<0,85  the  critical  pressure  Increases  weakly  with  an  Increase 
In  tie  density.  At  high  densities  (6>0.85),  which  approach  the 
density  of  a single  ci’ystal,  p increases  sharply,  It  is 

K p 

“Intei'es t ing  to  note  that  in  accordance  with  the  data  in  ^ig.  13 
at  a density  6>O.S5  a noticeable  decrease  In  the  gas  permeability 
of  the  charge  is  observed.  Thus  the  presence  in  the  charge  of  a 
small  degree  of  porosity  exerts  a substantial  influence  on  the 
sensitivity  of  the  explosive  to  a shock  wave.  From  the  Investigated 
substances  for  a mixture  system  the  highest  value  of  is 

charactei'istlc. 


One  siiould  emphasize  that  the  diameter  of  the  charge  of  the 
studied  secondary  explosives  in  the  entire  density  range 
G onsiderablv  exceeded  the  critical  diameter  of  detonation  (d"  ) , 
for  a mixture  system  (with  6i0.7!>)  it  was  close  to  critical. 

I’he  partial  data  available  in  the  lltei-ature  (for  example, 
see  [1^8])  Indicate  that  near  the  critical  conditions  of 
detonation  (v;ith  d sd"  ) an  increase  is  observed  in  the  critical 

3 Kp 

pressure  of  initiation.  Witn  an  increase  in  the  diameter  of  the 
charge  dependence  p (d  ) weakens,  and  at  d >>d"  value  p in 
practice  does  not  depend  on  the  diameter  of  charge.  The  latter 
is  confirmed  by  the  tests  carried  out  by  us  with  charges  of 
PETd  of  different  diameter  (Fig.  90)  (for  PETN  with  p = 1.70  g/cn;^, 
d"  aO.d  mm).  Under  conditions  when  d >>d"  , value  p does 

Kp  3HP’  '^KP 

nwt  depend  on  the  surrounding  of  the  charge  with  shell  of  steel 
or  plexiglass. 

Figure  90.  Dependence  of  the 
critical  pressure  of  Initia- 
tion of  detonation  on  the 
diameter  of  the  charge  (PETN 

p=1.70  g/cm^,  ra20  ym) . 
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The  account  of  this  circumstance  and  the  fact  that  In  porous 
explosives  the  critical  pressure  of  initiation  of  detonation  is 
determin.rid  in  essence  by  wave  amplitude  (and  not  by  its  profile), 
nives  basis  to  utilize  values  p , obtained  in  tests  on  shock 

HP 

Initiation,  in  connection  with  the  conditions  of  the  transition 
of  combustion  to  detonation. 


The  initial  particle  size  of  the  explosive  uniquely  affects 
the  sensitivity  to  the  shock  wave.  We  have  studied  dependence 
p ^a<5)  for  coarse-cry stalline  trotyl  with  initial  particle  sizes 
r=0. 4-0.8  mm  (charges  20  mm  in  diameter  vsrlthout  a shell,  with  the 
exception  of  the  charges  of  the  bulk  density,  whei’e  d^  = 30  m, 
were  used).  The  findings  are  given  in  Fig.  91,  also  presented 

here  are  i^esults  [147-149] 
for  finely  crystalline  trotyl 
(r<0.1  mm).  As  it  follows 
from  the  results  given,  an 
increase  In  the  initial  particle 
size  leads  to  an  intensive 
increase  of  p at  low  and 
especially  bulk  densities  of 
charge.  In  high  density 
charges  the  effect  of  the 
initial  particle  size  is 
expressed  to  a considerably 
less  degree  or  is  completely 
absent . A lowering  in  the  sensitivity  of  coarse-crystalline 
ci'.arges  of  explosives  of  bulk  density  was  noted  In  work  [153]. 

This  effect  makes  it  possible  to  explain  why  a stable  low-speed 
detonation  in  powder-like  explosives  is  spread  only  when  using 
particles  of  large  dimension.  Low-speed  detonation  Is  shielded 
in  this  case  from  transition  to  normal  detonation  by  the  high 
value  of  p . For  trotyl  the  pressure  in  the  wave  of  low-speed 

K p 

detonation  (see  p.  l86)  is  substantially  lower  than  the  directly 


f..y  iC.  1. 


Dependence  of  the  critical  pres- 
suxe  of  Initiation  of  detonation 
on  porosity  for  samples  of 
trotyl  of  different  dlspersity. 

1 - r<0.1  mm;  2 - 0.4-0. 8 mm. 
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measured  value  of  p 

^Hp 


What  was  presented  above  corresponded  to  the  pressed  charges 
of  explosives,  which  contained  open  gas-permeable  porosity.  In 
order  to  trace  the  effect  of  the  physical  structure  of  a charge 
(the  state  of  aggregation),  we  compare  values  of  p for  cast, 

HR 

pressed,  molten  and  liquid  explosives  (Table  17). 


-Table  17.  Critical  pressures  of  the  initiation  of 
xletonation  for  some  explosives  with  different  physical 
structure  of  charge. 


Explosive 

Initial 
density , 

g/cm"’ 

Diameter 
of  passive 
charge,  mm 

Critical 
pressure , 
kbar 

Trotyl  pressed 

1 ,1)3 

1 1 

Trotyl  cast 

1 .03 

Id* 

i:r,  II,-., 

1,03 

■i8 

07 

1.03 

t't 

3.')  (;;7; 

Trotyl  molten 

l,/i7 

• W 1 

llu  [.'i7j 

PETN  pressed 

1,73 

17 

PETiI  cx'ystal 

1,77 

113  i'.,:-, 

Cyclonite  pressed 

1,7.1 

z> 

15  likj 

Cyclonite  crystal 

1 ,8.1 

30  1 

10.) 

Nitroglycerin  powder 

1,58 

2'i  i 

>•5  [!  17] 

Nitroglycerin  liquid 

1 ,00  1 

•J;)  ; 

; 8.5  D IT] 

Nitromethane  liquid 

1,14 

Hu  1 

I Oj 

A tendency  is  noted,  according  to  which  the  sensitivity  of 
explosives  to  shock  wave  decreases  in  the  order:  pressed,  cast, 

liquid  explosives. 

Attention  is  drawn  to  the  fact  that  value  p for  pressed 

^KR  ^ 

trotyl  with  open  porosity  is  noticeably  lower  than  for  cast  of 
the  same  density  which  contains  closed  pores.  The  observed 
distinction  is  apparently  connected  with  the  nature  of  porosity. 
This  is  confirmed  by  the  data  of  [155] > in  which  it  was  established 
that  the  sensitivity  of  powders  with  closed  porosity  is  lower 
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than  with  that  with  opened.  Thus  the  sensitivity  of  the  system  to 
a shock  wave  depends  not  only  on  the  presence  of  porosity,  its 
extent,  but  also  on  the  nature  of  porosity.  The  structure  of 
charge  also  has  a noticeable  effect  on  the  formation  of  the 
wFsdetonatlon  wave.  ‘ — 

§ 30.  Formation  of  Detonation  Wave 

Recently  considerable  attention  has  been  given  to  the  study 
of  the  development  of  a shock  wave  Into  detonation.  For  this 
purpose  as  a rule  the  velocity  of  the  wave  front  was  measured. 

Considerably  greater  Information  on  the  indicated  question  is 
obtained  in  work  [27],  the  authors  of  which  investigated  cast 
finely  crystalline  and  pressed  trotyl  with  initial  density  of 
1.62  and  1.59  g/cm-^  respectively.  By  the  electromagnetic  method 
tv;o  parameters  characterizing  the  shock  v^ave  were  determined  - 
velocity  of  front  D and  distribution  of  mass  flow-  rate  behind 
the  front  in  time  U(t).  They  also  investigated  electroconductivity 
in  spreading  shock  waves.  This  made  it  possible  to  obtain  a 
sufficiently  complete  picture  about  the  processes  which  take  place 
behind  a shock  wave  front.  Furthermore  the  optical  recording 
of  the  process  of  emergence  of  detonation  was  used. 

The  amplitude  of  the  initiating  shock  wave  comprised  50,  35 > 

20  kbar  foi'  cast  trotyl  and  35,  I8,  12  kbar  for  pressed.  The  last 

values  of  pressures  were  less  than  p and  did  not  cause  detona- 

wp 

tlon.  The  diameter  of  the  passive  charge  was  60  mm,  active 
(mixture  of  trotyl  with  talc  of  different  density)  - 80  mm,  as 
the  material  of  the  inert  barrier  plexiglass  was  used. 

The  results  of  the  measurements  of  parameters  D and  U on 
the  wave  front,  obtained  at  different  distances  L from  tne 
barrier  - explosive  boundary,  are  presented  in  Fig.  92,  ar d the 
oscillograms  of  the  recordings  of  mass  flow  rate  U(t)  - in 
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Figure  9^"-  Value  of  the  velocity  of  shock  wave  D (I)  and  mass  flc 
rate  of  the  movement  of  substance  U (II)  at  different  distances  L 
from  the  barrier  - explosive  boundary  for  cast  (a)  and  pressed  (b) 
trotyl.  a)  1 - p=50;  2 - 35;  3 - 20  kbar;  b)  1 - p=35;  2 - l8j 
3 - 12  kbar. 
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Figure  93.  Oscillograms  of  the  recordings  of  mass  flow  rate  in 
cast  trotyl  (interval  between  markers  - 2 ps).  p=50  kbar,  L=0; 
‘<;8;lC;5u;50mm, 


Figure  9^.  Oscillograms  of  recordings  of  the  mass  flow  rate  In 
cast  trotyl.  a)  p=l8  kbar,  I-O;  12;  18  mm;  b)  p=12  kbar,  L=0; 
20;  ^0  mm. 

Figs.  93 > 94.  It  is  evident  that  the  development  of  a shock  wave 
up  to  detonation  occurs  in  the  form  of  a smooth  change  in  the 
parameters  (D  and  U). 


For  cast  trotyl  an  initial  section  is  observed  where  the 


parameters  of  the  shock  wave  which  initiates  detonation  do  not 
change  and  are  assigned  by  the  incoming  wave.  An  Increase  in 
the  parameters  of  the  wave  up  to  the  detonation  begins  at  a 
certain  depth,  the  magnitude  of  wlilcli  decreases  with  an  Increase  in 
the  amplitude  of  the  initiating  wave.  With  the  amplitude  of  the 
wave  entering  the  explosive  close  to  critical,  the  emergence  of 
detonation  occurs  at  a considerable  distance  from  the  barrier 
(thus,  for  instance,  at  p=35  kbar  the  normal  detonation  parameters 
along  the  axis  of  the  charge  were  fixed  at  a depth  Lll20  mm). 
Photographic  observations  of  the  aavelopment  of  the  process  showed 
tliat  in  cast  trotyl  in  the  stage  preceding  detonation  a brightness 
is  recorded,  tlie  intensity  of  which  increases  in  the  course  of 
ti::ie.  It  is  Interesting  that  on  the  initial  section  the  rate  of 
tne  process,  measured  according  to  the  optical  notations,  r-)incldes 
v;itli  the  velocity  of  the  shock  wave,  determined  by  the  electro- 
magnetic method  along  the  axis  of  the  charge,  ke  utilized  these 
data  for  the  explanation  of  tlie  nature  of  the  low-speed  process. 

As  It  follows  from  Fig.  93a,  in  cast  trotyl  the  shock  wave  in  the 
initial  stage  retains  a triangular  profile,  which  then  is 
transformed  into  a profile  with  a "shell."  The  indicated  change 
in  profile  is  fixed  and  with  p<p  is  also  connected  by  the  authors 

HP 

With  the  course  of  the  chemical  reaction  behind  the  shock  wave 
front . 

In  the  pressed  trotyl  (unlike  cast)  the  tendency  for  an 

Increase  in  the  parameters  on  the  shock  wave  front,  capable  of 

developing  to  detonation,  is  observed  directly  at  the  interface 

of  the  barrier  and  explosive  (Fig.  9^a).  The  profile  of  the  wave 

on  the  interface  (1=0)  is  different  from  triangular,  observed  at 

the  entry  of  the  shock  wave  Into  the  inert  material.  During 

propagation  of  the  shock  wave  with  P>P^p  a profile  U(t)  is  fixed 

with  a "hump,"  the  slope  of  which  rises,  which  is  accompanied 

by  an  increase  in  the  mass  flow  rate  on  the  front  and  apex  of 

the  hjmp  U (Fig.  9^a).  With  p<p^  the  wave  front  is  eroded, 

I ” P 

and  the  velocity  of  the  front  becomes  lower  than  the  speed  of 
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sound  (Fig.  94b). 

The  measurements  of  electroconduotivlty  showed  that  In  cast 
trotyl  an  Increase  in  conductivity  begins  directly  beliind  the 
shock  front,  while  in  pressed  trotyl  the  Increase  in  conductivity 
occui-red  with  a delay. 

The  entire  totality  of  experimental  data  obtained  testifies 
to  the  fact  that  the  process  of  development  of  a detonation  wave 
in  pressed  trotyl  is  more  sensitive  to  a change  in  the  parameters 
of  the  incoming  shock  wave  than  in  cast  trotyl.  This  experimental 
I'osult  is  explained  by  the  authors  by  the  fact  tliat  the  heat 
1‘olease  rate  in  pres.sed  trotyl  depends  more  strongly  on  pressure 
be);ind  the  shock  front. 

According  to  contemporary  representations,  the  chemical 
reaction  under  the  influence  of  a shock  wave  on  porous  explosives 
Legijis  in  separate  foci  - "hot  points"  and  occurs -in  the  form  of 
a thermal  explosion.  Tlie  reason  for  emergence  and  existence  of 
a "iiot  point"  is  the  physicochemical  heterogeneity  of  explosives. 
The  reaction  which  emerges  Is  spread  possibly  In  the  form  of  com- 
bustion to  the  remaining  mass  of  explosive,  wliich  leads  to  the 
emergence  of  a system  of  compression  waves,  which  amplifies'  the 
first  shock  wave.  This  produces  an  Increase  in  the  concentration 
of  hot  points,  pressure  in  the  reaction  zone,  and  as  a final  result 
leads  to  detonation. 

At  the  same  tine  at  present  reliable  information  about  the 
processes  which  proceed  in  the  "hot  points"  is  absent.  Also  the 
question  concerning  how  "hot  points"  are  formed  remains  open. 

The  following  possible  reasons  for  the  formation  of  separate 
foci  of  the  reaction  are  discussed;  the  collision  of  shock  waves, 
elasto-plastic  changes  behind  the  shock  front  with  localization 
of  stresses,  the  discontinuity  of  flow  near  heterogeneities,  phase 
transformations,  etc. 


All  this  creates  major  and  thus  far  unsurmounted  difficulties 
during  the  development  of  a theory  of  shock  initiation. 

In  this  respect  solid  (porous)  explosives  differ  from 
niomogeneous  (liquid)  explosives.  In  liquid  explosives  the  incoming 
shock  wave  is  propagated  initially  as  in  an  inert  medium.  After 
a delay  on  the  Interface  (at  the  point  of  entrance  of  the  shock 
wave)  a thermal  explosion  occurs  which  leads  to  the  emergence  of 
detonation  in  the  compressed  explosive,  which  overtakes  the 
original  shock  wave  front.  Only  then  is  normal  detonation  spread 
tlirough  the  substance. 


LIQUID  EXPLOSIVES 


Working  out  the  problems  of  the  stability  of  combustion  of 
liquid  explosives  (ZhW)  [WBB]  yielded  one  of  the  most  interesting 
sections  of  combustion  theory.  The  peculiarity  here  lies  in  the 
fact  that  the  theory  of  the  emergence  of  the  effects  of  instability 
basically  was  created  prior  to  their  experimental  detection  and 
detailed  Investigation.  Prom  the  experimental  viewpoint,  the 
favorable  combination  of  such  properties  of  ZhW  as  optical  trans- 
parency, stability  of  density,  broad  range  of  possible  rates  of 
combustion,  and  possibility  of  charging  the  mobility  by  small 
additions  of  high-polymeric  substances,  makes  it  possible  to 
conduct  interesting  experiments  in  the  observation  of  the  details 
of  the  process  of  combustion. 

This  section  of  combustion  theory  owes  its  development  first 
of  all  to  K.  K.  Andreyev,  A.  F.  Belyayev,  Ya.  3.  Zel'dovich,  L.  D. 
Landau,  and  also  to  their  numerous  followers  and  pupils.  One 
should  note  the  prominent  position  in  the  world  of  science  which 
Soviet  research  holds  in  this  question. 

Many  questions,  illuminated  in  the  present  chapter,  one  way 
or  another  were  illuminated  in  Andreyev's  monograph  [38].  However, 
a series  of  works  on  the  questions  of  the  stability  of  combustion 
of  ZhW,  for  one  reason  or  another,  did  not  enter  into  the  mono- 
graph [37,  38].  Moreover  in  light  of  contemporary  concepts  about 
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the  mechanism  of  stability  of  the  combustion  of  ZhW  new  inter- 
pretations of  known  experimental  facts  appeared.  All  this  makes 
it  possible  to  hope  that  this  section  will  be  useful  from  the 
viewpoint  of  the  summation  of  the  accumulated  knowledge  and  the 
attempt  to  interpret  the  data  from  common  posit. ions. 

One  should  recognize  that  although  the  critical  conditions 
of  the  disturbance  of  stable  combustion  of  ZhW  have  been  the 
cb.-Iect  of  a relatively  large  number  botli  of  experimental  and 
theoretical  works,  the  question  concerning  the  conditions  for  the 
passage  of  combustion  into  explosion  has  bv-en  developed  very  little, 
.■’irigle  experimental  studies,  which  do  not  make  It  possible  to  form 
-a  final  flcture  of  the  process  have  been  dedicated  to  the  passage 
of  combustion  into  explosion.  As  concerns  the  theory  of  the 
problem,  thus  far  it  has  not  been  formulated.  Here  the  works  are 
usually  limited  to  the  assumption  that  combustion  beyond  the 
stability  liniit  can  lead  tj  «utoturbulence , explosion  and  even 
detonation.  However,  the  extrapolation  of  limiting  phenomena  to 
ranges  of  values  of  parametei'S  lying  far  beyond  the  limits,  without 
special  substantiation,  is  not  always  convincing.  As  a rule,  there 
are  many  factors,  which  contribute  to  the  emergence  of  nonlinear 
effects,  part  of  which  can  have  a stabilizing  effect. 

Relatively  new  is  the  question  concerning  the  combustion  of 
heterogeneous  mixtures  of  the  type  of  ZhW  - solid.  Nevertheless 
recent  works  here  have  laid  good  foundations  for  understanding  the 
mechanism  and  laws  governing  the  combustion  of  this  class  of 
systems . 

In  the  present  section  we  do  not  deal  at  all  with  problems  of 
the  combustion  of  atomized  liquid  fuels,  which  are  illuminated  In 
numerous  and  well-known  works,  and  in  general  the  technical 
applications  of  the  combustion  of  ZhW  are  outside  the  scope  of 
this  discussion. 
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CHAPTER  VI 


THE  THEORY  OF  THE  LIMITS  OF  NORMAL  COMBUSTION 
OF  LIQUID  EXPLOSIVES 


§ 31.  Theory  of  Andreyev  - Belyayev  and 
Zel ’ dovich 

The  earliest  theory  of  the  stability  of  combustion  of  explo- 
sives, which  is  also  applicable  to  the  case  of  liquid  explosives, 
was  Andreyev  - Belyayev’s  theory,  discussed  above  (Chapter  III). 

Let  us  recall  that  its  basic  conclusion  consists  of  the  following: 
"the  possibility  of  stable  combustion  at  a given  pressure  is 
determined  by  the  relationship  betv/een  the  rate  of  combustion 
(more  precisely,  by  the  rate  of  gas  formation)  and  the  rate  of  the 
departure  of  gases  at  this  pressure  or,  more  correctly  speaking,  by 
the  relationship  between  the  acceleration  of  gas  inflow  and  the 
acceleration  of  gas  consumption  under  pressure"  [38,  pg.  29?].  In 
the  first  approximation,  the  condition  of  stable  combustion 
according  to  Andreyev  - Belyayev  has  the  form 

A dp  V ( I / 

where  A is  the  efflux  coefficient,  which  has  a value  on  the  order 
2 

of  7-7.6  g/cm  ‘l/atm. 

The  rate  of  combustion  of  many  (but  not  all)  liquid  explosives 
is  linearly  dependent  on  pressure.  In  connection  with  this  the 
value 
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li  d {Uilh)ldp 


(78) 


turns  out  to  be  independent  of  pressure,  i.e.  a constant  of  the 
-vssjfflss^  substance.*  Table  18  depicts  the  values  of  B for  a series 

of  individual  liquid  explosives  and  mixtures,  partially  taken  from 
work  C38I. 


Table  18.  Values  of  the  eoefficient,  B,  atm*g/cm^*s 


Substance 

B 

ilitroglycol , liquid 

O..039 

Nitroplycol,  gelatinized 

0.1^9 

Methyl  nitrate,  liquid 

0.i33 

J'Jltroglycerin,  gelatinized 

0.146 

Wltroglycol  (gelatinized)  + PbNg  50/50  wt . % 

0.148 

Nltroglycol  (gelatinized)  + PbNg,  40/60  wt . % 

0.267 

Nitrome thane 

0.0025 

Diglycoldinltrate  . ! 

0.00246 

Bthyl  nitrate  I 

0.0064 

Nltromethane  + 7%  by  weight  of  pyroxylin 

0.00246 

Table  18  shows  that  the  majority  of  liquid  explosives  have 
B<<A  and  the  ratio  A/B  is  3*10^-6*10^.  This  means  that  for  the 
destabilization  of  combustion  of  these  substances,  according  to 
Andreyev  - Belyayev,  a surface  of  combustion  must  be  developed  in 
an  appropriate  relation  to  the  area  of  a cross-section  of  the 
tube.  So  considerable  an  increase  in  the  surface  of  combustion 
can  arise  only  under  special  conditions.  This  question  will  be 
discussed  below. 


*We  do  not  deal  here  with  the  dependence  of  B on  the  size  of  the 
charge  (which  as  a rule  is  weak)  and  on  the  initial  temperature. 
The  introduction  of  these  parameters  changes  somewhat  the  quanti- 
tative, but  not  the  qualitative  side  of  the  basic  conclusions. 
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Thus,  to  liquid  as  well  as  to  solid  explosives,  during  com- 
bustion under  normal  conditions,  are  Inherent  those  values  of  the 
coefflclenti.'  of  the  accelerations  of  gas  Inflow  under  pressure, 
which  guarantee  stable  combustion  In  the  sense  of  Andreyev  - 
Belyayev's  gas-dynamic  mechanism. 

Experimental  studies  of  Belyayev  on  the  passage  of  the  com- 
bustion of  liquid  explosives  (methyl  nitrate,  etc.)  Into  explosion 
served  as  a basis  for  the  development  by  Ya.  B.  Zel’dovlch  [43]  of 
a theoretical  model  of  the  stability  of  combustion  of  explosives, 
having  a clearly  pronounced  reaction  In  the  k-phase.  The  reason 
for  the  disturbance  of  normal  combustion  In  Zel’dovlch’s  model 
is  physicochemical.  The  essence  of  the  mechanism  consists  of  the 
following.  V/lth  an  increase  In  the  pressure  as  a result  of  a 
temperature  rise  of  the  surface  of  the  liquid  the  rate  of  the 
k-phase  reaction  increases  and  the  wave  of  heating  goes  into  the 
depth  of  the  liquid.  The  development  of  vapors  and  products  of 
the  k-phase  reaction  occurs  in  the  gaseous  phase.  Since  k-phase 
and  g-phase  reactions  are  considered  independent  It  is  possible  to 
find  a ratio  between  the  activation  energy  of  the  k-phase  reaction 
and  the  heat  of  vaporization,  such  that  the  rate  of  heating  of  the 
liquid  will  become  greater  than  the  rate  of  Its  vaporization. 
Superheating  and  bolling-up  of  the  liquid  will  occur  in  a layer 
of  some  thickness,  which  causes  the  dispersion  of  the  liquid  and 
its  vapors  into  the  zone  of  the  flame.  It  is  thought  that  in  this 
case  conditions  can  arise  for  the  development  of  detonation. 

A comparison  of  Zel'dovlch's  theory  with  experiment  and  its 
discussion  are  comprehensively  presented  in  Andreyev's  monograph  [38]. 

§ 32.  Landau's  Theory  of  the  Hydrodynamic 
Stability  of  Slow  Combustion 

Landau  [73]  approached  the  problem  of  the  stability  of  com- 
bustion from  other  positions  than  Andreyev  - Belyayev  and  Zel'dovich. 
In  his  theory  the  gas-phase  mechanism  of  combustion  is  accepted. 


260 


l.e.j  from  the  surface  of  the  liquid,  vaporization  occurs  which  Is 
supported  by  heat  from  chemical  reactions  in  the  vapor  above  the 
surface.  By  means  of  slight  disturbances  of  the  surface  the 
stability  of  the  flow  of  combustion  products  is  examined  taking 
w-lnto  account  the  stabilizing  effect  of  gravity  and  surface  tension. 
In  this  case,  in  the  first  approximation,  the  thickness  of  the 
zone  of  chemical  reaction  is  disregarded  in  comparison  with  the 
’ "“length  of  the  disturbance  wave.  This  also  indicates  a failure  to 
take  into  account  the  processes,  which  determine  the  structure  of 
the  surface  of  the  discontinuity  liquid  - gas.  The  mathematical 
foriMulati on  of  the  problem  of  the  hydrodynamic  stability  of  the 
_ _surface  of  the  boundary  liquid  - gas  is  independent  of  the  cause 
of  gas  generation  and  even  of  the  cause  for  its  motion.  Moreover, 
Landau's  problem  is  isobaric;  the  compressibility  of  tne  gas  is 
disregarded.  As  a result  solutions  of  Landau's  problem  may  also  bo 
transferred  to  other  models,  for  example  to  the  motion  of  a layer 
of  liquid  along  the  surface,  the  blowout  of  the  mirror  of  the 
surface  of  the  liquid  by  gas  flow,  etc. 


For  the  determination  of  the  critical  conditions  for  the 
development  of  infinitesimal  disturbances  of  the  boundary,  liquid- 
vapor,  the  continuity  equation  and  the  Eulerlan  equation  are  solved 
ooncux  r^ntly . It  was  shown  that  at  a sufficiently  high  rate 
the  process  of  combustion  becomes  hydrodynamlcally  unstable:  small 

deformations  of  the  surface  are  Increased.  For  the  stability  of 
the  plane  form  of  the  front  of  combustion  it  is  necessary  that  the 
roots  of  the  equation 

«"*  (u,  -H  u,)  + (ui  - u,)  + 0 (79) 

have  a negative  real  part.  This  gives  the  following  condition  for 
the  stability  of  combustion; 


— pi 


(80) 
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where  uj  and  uj  are  rates  of  motion  of  the  liquid  and  the  combustion 
products  In  a laboratory  coordinate  systemj  and  are  the 
densities  of  the  liquid  and  the  combustion  products;  a is  the 
coefficient  of  surface  tenslonj  J- u^p ^^=0^02  is  the  mass  velocity 
of  combustion;  J*  is  the  mass  velocity  of  combustion  under  critical 
"conditions  (critical  rate  of  combustion),  which  is  equal  to  u^p|; 
g is  free-fall  acceleration;  k is  the  wave  vector  of  the  disturbance 

of  the  surface  of  the  liquid;  i/fi  is  the  characteristic  ^mie  ^ 

"develooment  of  the  disturbance. 


Let  us  cr.amlne  the  basic  corillarles  of  Landau's  theory 

1177-179]. 

Dl:.:Onsions  of  the  Most  Dangerous  Disturbances 
qrii  the  Time  of  Their  Development 


L'e  will  examine  combustion  in  a container  of  infinite  diameter 
iv:  order  not  to  limit  ourselves  initially  to  the  possible  dimensions 
Zof  disturbances.  For  the  determination  of  the  dimensions  of  the 
■ “I'st  dangerous  disturbances,  i.e.^the  disturbances,  which  have  a 
small  time  of  development  during  com.bustlon  beyond  the  stability 
limit,  we  use  equation  (79).  Let  us  introduce  the  dimensionless 
values 


(81) 


Here  is  the  wave  number  of  most  rapidly  growing  wave  under 
critical  conditions  of  disturbance.  It  is  equal  to 


k 


(?i  - Pa) 


y -5-  (Ft  - ly  = - 


(82) 


With  n^l  thL  disturbances  will  be  amplified,  which  lie  in  a 
certain  range  of  the  wave  vectors  k (or  wavelengths  X),  which  is 
dependent  on  the  rate  of  combustion  n; 


n»  _ |//j ' — J < a:  = kjk,  = Kj).  < n*  + - 1- 


(83) 
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With  n >>1  we  have  l/2n  <x<2n^.  Hence  It  Is  apparent  that 
with  an  Increase  In  n (rate  of  combustion)  the  Interval  of  the 
dimensions  of  the  growing  disturbances  is  expanded  both  to  the  side 
of  long  and  to  the  side  of  short  waves.  With  n=l  the  interval 
'contracts  Into  the  point  x=l. 

In  Landau's  problem  flnt.-scale  disturbances  (x>n^+  »ii‘*-l)  are 
-effected  by  the  forces  of  surface  tension,  and  large-scale  dis- 
turbances (x<n*-  vii^-1)  by  the  forces  of  gravity. 

In  order  to  determine  the  dimensions  of  the  most  dangerous 
disturbance,  l.e.  of  the  one  developing  most  rapidly,  one  should 
find  the  x^  v/ith  which  o)  acquires  the  greatest  value: 

X„  = -/a  w- -r  Va  with  n— l>-p»/Pi.  (8^1) 

Let  ur  designate  the  time  of  increase  In  the  disturbance 
with  the  wave  number  x,  at  the  rate  n over  t,  then 

Q 1/T  = /2^»x--x-x».  (85) 

For  the  most  dangerous  disturbance  the  time  of  growth  is 

determined  by  substitution  of  the  value  x^  instead  of  x.  With 
n^>>l  formulas  (8^)  and  (85)  are  simplified: 

= 2n/X„  = V,  I/t^o  £>- 1,5  (86) 

It  is  evident  that  and  decrease  rapidly  with  an  increase 
in  the  rate  of  combustion  n.  If  the  rate  of  combustion  slightly 
exceeds  the  critical  value,  l.e.,  J/Jj|  = l-ti5  , p2/pi^<<5  <<1 , then 

1 /T„  2 ^ 
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Near  the  transition  from  stable  combustion  to  unstable,  the 
value  of  a random  disturbance  changes  according  to  the  law 

exp  (kz-lwt).  With  n<l  2 = 0;  with  n>l  o)=0,  z/0,  l.e. 

in  the  range  of  stable  conditions  disturbances  produce  damped 
oscillations  of  the  surface  of  the  liquid,  and  in  the  range  of 
unstable  conditions  the  disturbances  grow  in  amplitude,  and 
oscillations  are  absent. 


Table  19-  Theoretical  values  of  the  

parameters  and 


n 

J J, 

cm  1 

s j 

1 V.'".,’  cnv/s 

1,0 

1.0 

l,l(i 

0 

1,05 

1,11 

0,97 

o.(;J7.'l 

, •) 

1,1 

1,21 

0,85 

o,o;..o 

•17 , r> 

1.2 

1 

0,C7 

‘3 

1,^ 

1,90 

0,07 

ii.7,3 

1,6 

9,30 

102 

2 

1 

0,22 

0,(/Ul65 

i;j.i,5 

Fig.  95.  Unstable  region 
(1),  wave  numbers  of  the 
most  dangerous  disturb- 
ance (2)  and  the  range  of 
absolute  stability  of  com- 
bustion ( 3 ) • 


Table  19  gives  theoretical 

values  of  X and  x depending  on 
n n 

J/J^  for  nitroglycol.  Values  taken 
are  p^=1.^9  g/cm^ , o=48  dyn/cm^, 
p0=5.10“^  g/cm^. 

Figure  95  shows  the  unstable 
region  1 and  the  wave  numbers  2 of 
the  most  dangerous  disturbance. 


Lower  than  curve  1 lies  the  range  of  absolute  stability  3- 


Effect  of  the  Diameter  and  Shape  of  the  Container 
on  the  Limit  of  the  Stability  of  Normal 
Combustion 


The  above  discussion  was  conducted  on  the  assumption  that  the 
diameter  d of  the  container  in  which  liquid  explosives  are  con- 
tained is  considerably  greater  than  the  characteristic  dimensions 
of  the  disturbance:  d>>l/k^. 


264 


If  the  diameter  of  the  container  In  which  the  burning  liquid 
is  located,  is  sc  small  that  this  inequality  is  not  fulfilled,  then 
the  dimensions  of  the  most  dangerous  disturbance  in  this  case 
will  depend  on  the  diameter  and  shape  of  the  container,  whereupon 


We  will  qualitatively  analyze  the  effect  of  the  diameter  of 
the  container  on  the  critical  condition  of  combustion 
using  equation  (83)  it  is  possible  to  determine  the  critical  rate 
of  combustion  of  a liquid  in  a tube  with  a diameter  of  d: 


--■  V b.oCarj  + i/z'J. 


(87) 


oince  then  n,>l,  l.e.  combustion  in  a narrow  container  is 

more  stable  than  in  a wide  one  as  a result  of  the  stabilizing  effect 
of  the  walls.'  It  is  clear  that  in  a sufficiently  narrow  container 
the  dimensions  of  a dangerous  disturbance  are  proportional  to  the 
diameter,  but  in  a sufficiently  wide  container  they  do  not  depend 
on  the  diameter:  l/x^=dk|,  with  dk„<<l;  l/x^=l  with  dk„>>l. 

2 2 
With  x^>>l  expression  (86)  is  simplified:  n^=l/2x^  or 

n^=l/(2dk,).  This  expression  was  obtained  in  Landau's  work  [73]* 


Let  us  represent  the  dependence  of  on  k^^d  by  a broken  1 j ne : 
]/x^=adk^  with  adk,j<l;  with  adk„>>l,  where  a is  a constant, 

which  depends  on  the  shape  of  the  container;  taking  into  account 
( 86 ) , we  have 


U,d(ad/i\-^  i/adkj  with 
/!,  = ! with  n/c.d>l. 


'Here,  naturally,  incidental  phenomena,  which  do  not  relate  to  the 
hydrodynamic  situation,  such  as  heating  of  the  liquid  with  flame 
by  heat  transfer  through  the  v/all,  etc,  are  not  considered. 


265 


The  dependence  of  n^  on  the  dimensionless  quantity  k^d  must  be 
the  overall  limit  of  the  stability  of  combustion  of  all  liquid  low- 
vlseoslty  explosives  in  containers  of  identical  shape,  i.e.  n and 
k^d  are  similarity  criteria.  This  follows  from  the  formulation  of 
Landau's  problem  itself,  which  makes  it  self-similar. 


Ttie  calculation  of  the  proportionality  constant  a was  carried 
out  in  work  [178]  for  containers  with  round-  and  rectangular-shaped 
cro^'-p-sect  ions . 


During  combustion  in  a cylindrical  tube,  besides  conditions 
on  the  burning  surface,  boundary  conditions  must  be  satisfied  on 
the  walls  of  the  tube  where  the  radial  component  of  the  rate  is 
equal  to  aero.  With  this  condition  are  determined  the  possible 
values  of  tlie  wave  number  of  the  disturbance  of  the  surface  k: 


/.' =j  A-.,,  - (88) 

v;here  a are  roots  of  the  first  derivative  of  the  Bessel  function 
q 3 

of  the  i'ir.3t  order  q;  s is  the  number  of  the  root]  R is  the 
radius  of  the  tube. 

The  form  of  the  elementary  disturbances  of  the  surface  <p) 

l~h{a<„-rUi)Ci>sq%  (89) 


v;nere  r is  the  current  radius;  9 is  the  angle,  which  is  determined 
by  values  of  the  whole  numbers  q (quantity  of  Junction  diameters); 
s (quantity  of  Junction  circumferences). 


The  critical  rate  of  combustion  J^(R)  is  connected  with  the 
diameter  of  the  tube  d=2R  by  equations  (80)  and  (86).  .Substituting 
in  (86)  the  expression  k in  formula  (88),  we  derive  a relationship 
v.-hlch  is  correct  for  combustion  in  a cylindrical  tube 


(87a) 
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In  the  case  of  a plane-parallel  container  1/21tt  (1«1,  2,  ...) 
enters  in  (89)  Instead  of  a and  R is  a half  of  the  large  side 

QS 

of  the  rectangle  of  the  cross  section  of  the  container.  At  the 
limit  of  stability  a wave  is  self-excited,  for  which  aqs/k^R  is 
closest  to  unity.  Thus,  during  combustion  in  a narrow  tube  (Rk,j<l) 
at  the  limit  of  stability  a wave  must  appear  with  s=0  and  q=l . 

The  dependence  of  the  critical  rate 
of  combustion  on  the  radius  of  the  tube 
(Pig.  96)  in  the  first  approximation  is 
material  only  in  narrow  tubes: 

U*  = 1 with 

u'  ^0.5(/iJJ{+  wn,)  with 

where  R2^=a^gRi,  = l . 8^k„  (combustion  in  a 
round  tube)  and  R-j^=  (l/2)TTk„=l . 5^k„  (for 
a flat  container). 

Effect  of  the  Acceleration  of  Gravity 

As  follows  from  formulas  (80)  and 
(84),  the  size  of  the  most  dangerous 
disturbance  depends  substantially  on  g,  and  during  its  decrease. 
Increases.  The  acceleration  of  gravity  is  of  no  Importance  only 
during  combustion  in  containers  of  infinite  diameter.  In  limited 
containers  during  a decrease  in  g the  role  of  the  factor,  which 
stabilizes  long-wave  disturbances,  passes  to  the  diameter  of  the 
Gontai.ner  which  limits  the  maximum  size  of  the  disturbances.  For 
the  analysis  of  the  case  g-^0,  disregarding  the  interaction  of  gas, 
liquid  and  the  surface  of  the  container,  let  us  note  that 

In  a container  of  infinite  diameter  with  g-^0,  k->-0,  and  therefore 
J„-^0,  1 . e combustion  is  always  unstable  to  long-wave  disturbances 


Fig.  96.  The  de- 
pendence of  the  limits 
cf  stable  combustion 
c;'.  the  given  diameter 
of  the  container  v/lth 
different  harmonics  of 
isturbaiices  I - cur'.'e 
f absolute  stabili‘‘y; 

- i=0.5;  2 - 1.0; 

- 1.5;  4 - 2.0. 
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In  a limited  container  the  dimensions  of  the  disturbances  are 
A]nj^,=d,  and  correspondingly  where  a is  const.  Sub- 

stituting k . in  (89),  Instead  of  k,  we  derive,  that  with  g=0 

Jo  ^ 

Comparing  this  value  with  the  critical  rate  of  combustion  under 
normal  conditions 

(Jo/j.)*  = i(p»)o/(p;)i[i/(aA.d)j. 


Under  the  assumption  J'p  the  ratio  of  critical  pressures  is 

^=1/ ( ak„d  ) . Thus,  the  critical  pressure  (v;ith  v = l)  is 
ir.vorsel.v  prcr  ort ional  to  the  diameter  of  the  container.  The  ratio 
cf  the  critical  p^ressure,  determined  under  normal  conditions  in 
3;-.aIl-diar.eter  tubes  p^(k„d<<l),  to  the  critical  pressure  during 
free  fall  pQ(g=0)  in  a tale  of  diameter  d^  is  equal  to;  p^/p^-d^/d 
with  adk,c<l. 


^ If- 


the  Law  of  the  Rate  of  Combustion 


d j Sii  ..  *a 


From  equation  (80)  it  follows  that  the  value  of  the  crl’ 
rate  of  combustion  Increases  with  pressure  as 


J.  =-  \ 


(90) 


where  C^  is  not  dependent  on  pressure, 
explosives  can  be  written  as 


The  rate  of  combustion  of 


J = Bp\ 


(91) 


I ;i  liquid  substances,  as  a rule,  v = l. 


Comparing  (90)  and  (91);  we  have: 


u'  = — = 

i.  Cl  P ' 


(92) 


268 


For  stable  combustion  It  Is  required  that 
u’<l.  Depending  on  the  relationship  of  the 
coefficients  B,  and  the  value  of  index  v. 
In  principle,  the-  following  situations  are 
possible  (Fig.  97): 


Fig.  97.  Diagram 
of  the  dependence 
of  the  limiting 
conditions  of  nor- 
mal combustion  on 
the  form  of  the 
equation  of  the 
rate  of  combustion 
at  different  pres- 
sures . 


1)  C^>B,  v<0.5»  at  all  pressures  J«>J 
and  combustion  is  stable  (curve  1); 

2)  C^>B,  v>0.5;  at  pressures  greater 
than  Pn  combustion  becomes  unstable  (curve  2) 
With  p<Pjj  combustion  is  stable: 

3)  B>C^,  v>0.5;  two  cases  are  possible: 
a)  the  curve  i(p)  intersects  i»(p)  at  two 


points.  In  the  interval  Pi~pJi  combustion  is  unstable,  outside  the 


interval  it  is  stable  (curve  3);  b)  the  curve  J(p)  goes  above  J,j(p) 
everywhere  (curve  4).  Combustion  is  unstable  at  all ’ pressures . 


For  calculation  of  the  value  of  the  coefficient  it  is 
rossible  to  use  the  method,  developed  by  Andreyev  [38].  Expression 
(30)  is  reorganized  with  the  aid  of  the  introduction  of  the 
connection  between  the  parrachor  P,  the  surface  tension  a,  the 
molecular  weight  M and  the  density  of  the  liquid  (formula  of 
Bachinski  - McLeod  Pp^/M=a  ).  As  a result  of  the  analysis  of  the 
'osslble  variations  Andreyev  showed  that  the  equation  obtained  by 


actually  has  the  form 

2 1/2 

where  3=0.25  g/cm  'S'atm  =const. 


From  the  data  given  by  Andreyev  on  the  values  P/M  it  follows 
that  this  relation  for  organic  explosives  lies  within  the  limits 
of  1.7-1. 9^.  Taking  into  account  that  for  the  same  substances 
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OjL=l. 2-1.0  g/cm*^,  we  derive  that  according  to  the  formula  of 
Bachinski  - McLeod,  o“17-9^  dyn/cm,  at  an  average  value  equal  to 
-ho  dyn/cm  . This  result  shows  that  the  utilization  of  a parachor 
is  virtually  equivalent  to  the  substitution  of  the  usual  value  o, 
which  is  characteristic  for  liquids  at  normal  temperature.  In  view 
of  the  very  weak  dependence  of  J,|  on  o (as  the  value  of  the 

coefficient  turns  out  to  be  actually  slightly  variable.  We  use 
Andreyev's  data  on  the  densities  of  combustion  products  at  p=l  atm, 
according  to  which  p?(l  atm) =1 . 8* 10~^  g/cm^ , and  by  substitution 
in  (8C)  together  with  p^=l.^  g/cm  we  will  obtain 

J.  0,11  /•'"i  V P,  g/cm  • s . 

During  a change  in  o within  the  limits  from  40  to  1 dyn/cm, 

_ 2 
C,/*i->  changes  within  the  limits  from  0.12  to  0.3  g/cm  s . Thus, 

^ 2 1/2 
in  the  first  approxiination,  C^=0.2  g/cm  s*atm  =const , which  is 

close  to  the  coefficient  6 . For  stability  of  combustion  it  is 

necessary  that  its  rate  J=Bp^ 


(92) 

As  can  be  seen  from  Table  l8,  in  unthlckened  liquids  the  value 
(5B)  at  1 atm  is  close  to  unity  only  in  methyl  nitrate.  As 
concerns  gelatinized  explosives,  the  stability  of  their  combustion 
v/ill  be  discussed  below. 

The  question  concerning  the  reality  of  the  existence  of 
noticeable  forces  of  surface  tension  under  conditions  of  the 
combustion  of  noticeable  forces  of  surface  tension  under  conditions 
of  the  combustion  of  a liquid  is  fundamental.  However,  experimental 
observations  make  it  possible  to  confirm  that  surface  tension  during 
combustion  does  exist,  and  its  value  is  considerable.  This  is 
substantiated,  in  particular,  by  experiments  with  thermocouples, 
introduced  into  the  burning  liquid:  authors  [180,  l8l]  observed 

how  liquid  is  held  by  a thermojunction  and  extends  to  a rather 
high  elevation. 
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§ 33*  The  Theory  of  Levlch 


If  Landau  considered  the  stabilizing  effect  of  the  forces  of 
surface  tension  and  gravity,  then  Levlch  [7^]  examined  the  problem 
of  the  hydrodynamic  stability  of  combustion  of  a viscous  liquid. 

For  this  the  solution  was  carried  out  to  the  Navler-Stokes  equations 
with  a number  of  simplifying  assumptions. 

The  critical  condition  of  Levlch  has  the  form 

Ji-  (93) 

The  physical  sense  of  expression  (93)  is  discussed  below.  Let  us 
turn  to  the  basic  corollaries  of  the  theory  of  Levlch  [7^]*  Basic 
laws  were  found,  characterizing  the  effect  of  different  factors 
on  the  emergence  and  development  of  instability  during  the  combus- 
tion of  a viscous  Newtonian  liquid.  For  comparison,  the  basic 
corollaries  of  the  theories  of  Landau  and  Levlch  are  given  in 
Table  20.  From  the  table  it  is  evident  that  a noticeable  viscosity 
first  of  all  retards  the  development  of  the  process  of  unstable 
combustion  and  the  range  of  characteristics  giving  stable  combus- 
tion is  expanded.  Specifically,  let  us  note  the  substantial  change 
in  the  effect  of  the  diameter  of  the  container,  for  example  with 

g=0,  from  a dependence  of  the  type  to  a dependence  of  the 

2 

p»~l/d  , which  is  connected  with  an  increase  of  the  dimensions 

of  the  most  dangerous  disturbance.  By  comparing  the  efrect  of 

the  diameter  of  the  container  for  cases  with  a predominant  effect 

of  surface  tension  and  viscosity,  it  is  possible  to  see  that  with 

a certain  combination  of  the  parameters  the  passage  is  feasible 

for  one  substance  from  a dependence  of  the  type  p^~l/d  in  the  range 

of  increased  values  of  the  diameter  of  the  container  to  a dependence 

2 

of  the  type  p^-l/d  with  small  diameters.  However,  calculation 
shows  that  the  transition  point  for  conventional  explosives  lies 
in  the  range  of  very  small  diameters. 
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Table  20.  Comparison  of  characteristic  values  In  the 
problems  of  Landau  and  Levlch. 


Characteristic 


Considerable  value 


<3  » g 


n,  g 


Critical  rate  of 
combustion 

Characteristic  dimensions 
of  the  disturbance 

Boundary  of  the  spectrum 
of  the  disturbance 

Dimensions  of  the  most 
dangerous  disturbance 

a ) = 1 4-  ft. 

b ) ^ 1 

Effect  of  the  diameter 
of  the  container 

Time  of  development  of 
the  disturbance 

a)  1 +6. 

6<i 

b) 

Rate  of  development  of 
the  disturbance 

a ) - i -r  6. 

6<1 

b ) > 1 

Gravitational  field  is 
absent  (g=0) 

Surface  tension  is 
absent  (o-^O) 

a ) >-.  < XJ.'a: 


Jt- 


k,  - 


•<8ir(PtPa)* 

Pi  — pj 

2;rr-iPj  

- Vg9Js 


«*  --!{-(* + 1/*) 


1 

* » ~ It*  4-  y -U*  - 3 i : C.': ' - Pi*  - 4- 


3 V 


X I 


3 ' ■ 3 


J:-  — : P~-T 

Q = 1/t  - y>vg  X 
X V — X — X* 

1/t  = 2 VK  VI 

i/t  --  VK  «* 

v-Wt 

» = 2 /;^y6/(I  + '.6) 
» = 3 y^«/4 


t.l  , 2 • 

»**  • • 


■4  C/.-i  — 1=0 

i 

j X = '.  -f- 

I ^ _ > •’ 


VO'i*/-  — C.-) 

j */  T — » *'0  > ^ 

j l.'T  — n- 


fc  . */  ^ I \ « *7“  S/  } 

• t »/  . , f I ^ 


i J"  _ 3 Vv  I 


5 3^*  The  Stability  of  Combustion  at  Pressures 
"■  her  Than  the  (Thermodynamic)  Critical 
3 sure  . 


As  is  known,  for  liquids  there  is  critical  pressure  and  a 
critical  temperature,  the  exceeding  of  which  leads  to  the  disappear- 
ance of  surface  tension.  The  critical  pressure  of  organic  explosives 
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Is  p^^p“^0-50  kg/cm  . As  concerns  the  critical  temperature,  it  has 
not  been  determined.  It  one  uses  the  empirical  expressions  [182, 

163]  for  weakly  associated  liquids,  (which  undoubtedly  cannot  be 
considered  a substantiated  method),  then  a value  is  obtained  on  the 
order  of  250-350°C.  Examining  the  combustion  of  liquid  explosives 
at  pressures  higher  than  the  critical  pressure  and  analyzing  Landau's 
formula,  Andreyev  comes  to  the  conclusion  [38]  that  stable  combus- 
tion of  these  substances  with  p>50  atm  is  impossible.  If  we  are 
limited  to  the  framework  of  Landau's  theory,  then  the  sole  factor 
which  stabilizes  short-wave  disturbances  is  surface  tension,  and 
that  is  why  when  a+0  they  begin  to  increase.  True,  it  is  possible 
to  consider  the  thickness  of  the  zone  of  reaction  (in  Landau's 
tiieoi-y  it  Is  equal  to  zero),  and  to  consider  that  disturbances  whose 
dimensions  are  less  than  do  not  affect  combustion.  Let  us 
extract  the  expression  for  the  dimensions  of  disturbances  as 
^'1/akj,,  and  Z^-h^/u^.  Utilizing  Landau's  formula  and  Table  20,  we 
derive  th,at  for  satisfaction  of  the  requirement  £<Z  the  critical 

— p 

rate  of  combustion  when  o-^O  must  be  equal  to 


With  p “hO  atm  JJj-35*10 

Kp 


J.  • 

g/cm  s,  which  is  very  sruall.' 


(94) 


Another  factor  of  the  stabilization  of  short-wave  disturbances 
is  the  viscosity  of  the  liquid.  Under  conditions  when  ^>>1^, 
which  enters  into  the  assumption  of  the  theories  of  Landau  and 
Levlch,  the  fraction  of  the  thoroughly-warmed  liquid  in  the  wave 
of  the  disturbance  is  insignificant.  As  a result  of  the  heating 
of  the  surface  the  surface  tension  can  be  lowered  to  a very  low 
value;  however,  viscous  forces  In  sub-surface  layer  will  always 
Le  in  effect.  This  makes  it  possible  to  assert  that  at  pressures 
higher  than  critical,  the  role  of  tne  stabilizer  of  short-wave 
disturbances  may  pass  to  viscosity,  and  the  critical  condition  of 
t.he  development  of  disturbances  is  the  condition  of  Levlch. 


^Let  us  note  that  expression  (94)  is  also  correct  for  the  combus- 
tion of  gases. 
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Conventional  organic  liquid  explosives  have,  at  normal  temperature, 

a viscosity  on  the  order  of  several  centipoise.  Estimation  of  the 

value  J*  according  to  the  formula  of  Levlch  yields  with  n*10  poise 
n ^ 

J*='0.05»F  (p>  atm;  J*,  g/cm^*s).  Thus,  during  a decrease  of  a the 
role  of  stabilizer  continuously  passes  to  the  viscosity  and  com- 
bustion can  remain  stable  even  at  pressures  higher  than  critical  in 
the  sense  considered  here.  However,  the  coefficient  of  the  root 
of  the  pressure  (with  n“10  poise)  proves  to  be  somewhat  less  in 
Levich's  problem  than  in  Landau’s  (with  a«30  dyn/cm) . If  at  the 
critical  (thermodynamic)  pressure  the  rate  of  combustion  is  low  and 
calculation  according  to  Landau’s  formula  gives  substantially  higher 
values,  then  the  limiting  conditions  of  normal  combustion  will  be 
determined  by  Levich’s  formula.  But  if  , according  to  Landau,  is 
expected  near  the  critical  pressure,  then  the  limit  of  normal 
combustion  is  determined  by  the  Joint  action  of  (decreasing)  surface 
tension  and  viscosity.  With  high  viscosities,  in  the  sense  con- 
sidered here,  the  attainment  of  the  critical  pressure  does  not 
affect  the  stability  of  combustion,  but  it  may  be  apparent  for 
entirely  different  reasons  (through  the  heat  of  vaporization  of 
*•’.0  liquid  becoming  zero). 

The  attainment  of  the  crj^-*cal  temperature  is  a more 
complex  matter.  In  volatile  explosives  the  temperature  of  the 
surface  is  limited  by  the  boiling  point,  which  increases  with  an 
increase  in  pressure,  and  the  possibility  is  not  excluded  of 
reaching  T=T^p  both  with  P<P^p  and  with  P>>P„p*  It  is  simultaneously 
necessary  to  consider  that  the  maximum  temperature  of  the  surface  T 

n 

is  limited  by  the  temperature  of  decomposition  of  the  substance,  and 

inasmuch  as  conventional  explosives  decompose  at  temperatures  lower 

than  the  calculated  T =250-350°C,  T proves  to  be  below  T . As  a 

Kp  ’ n Kp 

whole  the  question  remains  open,  since  the  conditions  on  the 
decomposing  surface  of  the  liquid  are  ill-defined.  It  is  possible 
to  assume  that  precisely  this  difficulty  in  attaining  T makes 

H p 

combustion  stable  even  at  pressures  higher  than  p 

H p 


27^ 


An  Increase  in  the  Initial  temperature  Tq  of  liquid  explosives 
has  a dual  effect.  First,  with  an  Increase  in  Tq  the  rate  of  com- 
bustion of  the  liquid  increases.  Simultaneously  critical  conditions 
^(80)  and  (93)  change  in  view  of  the  decrease  of  n and  o (in  that 
:ncasure,  in  which  the  temperature  of  the  surface  of  the  burning 
liquid  increases)  with  an  Increase  In  the  initial  temperature 
(effect  of  Tq  on  pg  can  be  disregarded).  The  analysis  of  the  change 
in  the  critical  situation  depending  on  Tq  shows  that  an  increase  of 
Tq  substantially  lowers  the  critical  pressure  p^  and  rate  J.  Taking 
into  account  that  viscosity  depends  cn  temperature  exponentially, 
one  should  expect  a considerably  more  powerful  effect  of  the  Initial 
temperature  on  the  stability  of  combustion  of  high-viscosity 
systems  in  comparison  with  non-vlscous  ones. 


§ 35.  Critical  Value  of  Reynolds  Number 
During  the  Combustion  of  ZhVV 


According  to  Landau's  theory  [73]  the  development  of  instability 
of  the  combustion  of  gases  must  begin  with  Reynolds  numbers  Re^i^l. 

The  most  recent  studies  of  the  stability  of  gas  flames  [18^,  185] 
showed  that  experimental  values  of  Re^  agree  well  with  theory,  if 
as  characteristic  dimensions  we  accept  the  average  dimensions  of 

the  sections  into  which  the  unstable  flame  Is  divided.  Although  the 

2 

actual  values  Re„  are  (2-4) *10  , the  consideration  of  the  dissipating 
effects  connected  with  the  viscosity  of  gas,  completely  removes  the 
contradictions  between  theory  and  experiment. 


Of  doubtless  interest  is  an  analogous  estimation  in  the  case 
of  combustion  of  liquid  explosives.  Utilizing  values  of  J„ 
calculated  above  and  accepting  as  the  determining  dimensions  the 
wavelength  of  the  most  rapidly  growing  disturbance  1^,  for  Landau's 
problem  we  find 


* ti  r 
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The  substitution  of  typico.1  values  for  the  viscosity  of  the  liquid 

■a 

n=2  cp,  0=30  dyn/om,  p|=2*10  *p,  g/cm  gives 

Rt-;  — 10K/T=  10-  iOO. 

Included  in  the  Re  number  are  the  characteristics  of  the  liquid, 
but  not  of  the  combustion  products.  With  this  we  confirm  that  the 
development  of  instability  arises  precisely  in  the  liquid  phase. 


Using  an  analogous  method  for  Levich’s  problem  we  obtain 

P,  i,  ~ 22  - 0.2.-,  ~ u.,1  _ 2. 

Thus  the  combustion  of  liquid  explosives  as  well  as  the  com- 
bustion of  gases  is  characterized  by  critical  values  of  the  Re 
number,  calculated  from  the  most  rapidly  growing  disturbance,  on 
the  order  of  units. 


In  light  of  the  present  conclusion  the  failure  becomes  under- 
sta.ndable  of  the  attempt  [l86]  to  connect  the  emergence  of  disturbed 
combustion  with  attainment  in  the  gaseous  phase  of  a value  of 
Reynolds  number  of  the  order  2000,  which  is  characteristic  for  the 
transition  of  the  laminar  flow  of  a stream  in  tubes  to  a turl  ulent 
flow.  The  authors  [l86]  link  the  e.'.iergence  of  turbulence  with  the 
gaseous  phase  and  accept  as  the  determining  dimension  the  diameter 
of  the  tube  in  which  combustion  is  conducted.  However,  even  the 
authors  [186]  make  the  assumption  that  the  Re  number  constructed 
by  them  does  not  accurately  characterize  the  phenomenon,  and  they 
introduce  the  effect  of  heat  losses  outside  the  charge  as  factor 
of  stabilization  of  combustion. 


In  certain  cases  the  processing  of  experimental  data  using 
precisely  this  critical  value  of  Reynolds  number,  which  was 
constructed  with  the  method  given  above  is  of  doubtless  Interest. 
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§ 36.  Interpretation  of  the  Critical 
Conditions  In  the  Theories  of  Landau 
and  Levlch 


tr  For  explanation  of  the  physical  essence  of  critical  conditions 
(80)  and  (93)  we  will  use  the  method  of  dimensional  analysis, 
proposed  by  A.  D.  Margolin:  let  us  compare  the  values  of  forces 

which  stabilize  and  destabilize  a disturbance  with  characteristic 
dimensions  C on  the  surface  of  the  liquid.  Let  us  take  Into  account 
that  departing  from  the  surface  of  the  disturbance  are  combustion 
products  (P2>  ^2^’  gravitational  force  gP-]_  attempts  "to  wash 

away"  the  disturbance;  and  the  forces  of  surface  tension  and 

viscosity  F -CnW,  where  W is  a rate  of  "washing  out"  of  the 
disturbance,  attempt  to  agitate  the  decomposition  of  the  wave  of 
the  disturbance.  Hence  It  follows  that  in  the  case  of  Landau's 
problem  the  equilibrium  condition  (more  precisely,  the  unnaccelerated 
motion  or  relative  equilibrium)  takes  the  form 

+ ' (95) 

or 

sir  “ ®onsL): 


Let  us  take  a plus  sign  before  the  root  and  analyze  the  rt.'sult. 

ij  i|  2 ^ 

V/ith  J =(i^2p;j^)  <^a2gP-j^^p2~'^i»  expression  for  C becomes  complex, 
which  answers  the  oscillations  of  the  surface  with  an  amplitude  of 
the  order  5~u^U2/2a^g.  Actually,  comparison  of  (95)  with  the 
expression  for  the  wavelength  of  the  disturbance  [see  equation  (83)] 
X^=Xq  exp  (kz-iwt),  which  with  n<l  and  expansion  in  series  near 
the  critical  point  takes  the  form  X^^^Xq ( 1-lut ) , makes  it  possible 
to  conclude  that  XQ~C=u^U2/2a^g , 


iol  = 


•'jSgpia; 


i = Vg/KV(pjp)-—  h 


where  p„  and  k are  the  critical  pressure  and  the  wave  number  of 
the  disturbance.  The  cessation  of  oscillations  of  the  surface 
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occurs  at  the  point  J=Jjj , A=0,  which  is  the  critical  point  in 
Landau's  problem,  and  the  condition  J=0  coincides  with  formula  (80). 
!''n  this  case  R^=C^=u^U2/2a^g . Beyond  the  limit  with  J>J„  the  growth 
of  5 occurs  in  proportion  to  the  increase  in  the  velocity,  i.e. 

'Combustion  becomes  unstable.  In  the  limit  with  J>>Ju  the  force  of 
surface  tension  can  be  disregarded  and  lim  C=u^U2/a^g  with  u^-*-®, 
i.e.jthe  amplitude  of  the  disturbance  grows  doubly  as  compared  with' 

the  value  at  the  stability  limit.  Let  us  note  that  this  corresponds 

2 

to  an  increase  in  the  surface  of  combustion  of  approximately  5 , 

1 . e approximately  fourfold.  Value  i is  the  limiting  dimension, 
giving  an  extreme  estimation,  and  all  disturbances  with  an  amplitude 
of  less  than  C ate  possible. 


An  analogous  discussion  for  Levich's  problem  is  complicated 
by  the  fact  that  we  do  not  know  beforehand  the  rate  of  the  "washing 
out"  of  the  disturbance  W.  Therefore  from  the  analysis  of  the 
solution  to  the  eviuatlon 


(96) 


4 2 

the  critical  condition  U2p2=^si2^ngPjW,  by  analogy  with  Landau's 
problem,  we  will  iduiitify  with  the  solution  of  Levich  (93),  whence 
with  an  accuracy  to  the  factor  of  the  order  we  have  W-vli^u^. 


As  in  Landau's  problem,  at  rates  of  combustion  less  than 
critical,  equilibrium  is  reached  through  oscillations  of  the  surface, 
and  beyond  the  limit  of  stable  combustion  the  amplitude  of  the 
disturbance  grows  in  proportion  to  the  Increase  in  the  rate  of 
combustion. 


The  introduction  of  the  rate  of  motion  of  the  disturbance, 

which  is  the  pulsating  rate  of  the  motion  of  the  disturbance  in 

2 

liquid,  makes  it  possible  to  express  as  /2a^g.  Comparison 

with  Table  20  shows  that  is  the  dimension  of  the  most  dangerous 
disturbance,  which  grows  at  the  limit  of  stability. 
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Above,  for  the  examination  of  the  amplitude  of  the  disturbances 
we  used  only  one  value  corresponding  to  a minus  sign  before  the 
root,  i.e.,  we  examined  a long-wave  disturbance.  The  second  value 
the  amplitude  is  the  dimension  of  a short-wave  disturbance 
which  decreases  with  an  increase  in  the  rate  of  combustion,  which 
makes  it  possible  to  draw  a conclusion  about  the  expansion  of  the 
spectrum  of  the  possible  values  C with  an  Increase  in  the  rate  of 
combustion. 


In  the  range  of  values  of  the  parameters,  where 
stabilization  of  combustion  will  occur  because  of  the  action  of 
both  forces. 


Thus,  Landau's  critical  conditions  ocrrespond  to  the  moment 
when  the  forces  of  surface  tension  (or  forces  of  viscosity  in 
Levj.ch's  problem)  cease  to  stabilize  the  motion  of  the  surface  and 
Its  vibration  converts  to  a continuous  increase  of  the  amplitude 
of  the  disturbance. 

It  is  interesting  to  note  that  stabilization  by  forces  of 
viscosity  in  com.parlson  with  the  forces  of  surface  tension  becomes 
predominant  in  proportion  to  the  Increase  in  the  rate  of  combustion, 
since  P /F  ~Jr\/a  /p,  , l.e.,  at  high  rates,  combustion  in  essence  is 

PO  Ld  • 

Stabilized  by  viscosity. 

The  examination  conducted  makes  it  possible  to  accept  for 
the  supercritical  range  as  a measure  of  the  amplitude  of  the 
disturbance  in  Landau's  problem;  and  in  Levlch's  problem, 

/iW/gp^ , For  combustion  up  to  the  limit  of  stability  the 
measure  of  the  amplitude  of  the  disturbances  is  the  value  u^u^/g. 

As  the  measure  of  the  rate  of  motion  of  the  disturbance  one  should 
take  W-  during  combustion  beyond  the  limit  of  stability  and 

u^p^  In  the  precritical  range. 
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§ 37.  Features  of  the  Behavior  of  Gelatinous 
Systems 


Conventional  liquid  explosives  are  Newtonian  systems.  The 
rate  of  their  deformation  is  directly  proportional  to  the  applied 
stress.  However,  with  the  thickening  of  liquid  explosives  by  high 
polymers  upon  introduction  of  the  dispersed  phase, they,  as  a rule, 
teoome  non-Newtonian  or  even  viscous-plastic  systems.  In  non- 
Newtonian  liquids  the  sliding  rate  Increases  with  stress  according 
to  the  power  law  with  index  s more  than  one,  l.e.,the  viscosity  of 
such  a system  depends  on  the  applied  load.  In  connection  with  this 
fur  non-Newtonian  liquids  in  Levlch's  problem  it  is  necessary  to 
use  n,  which  corresponds  to  the  disturbing  stress  F~p^ (u^u^ ) „=J„/P2 • 
By  substitution  in  Levich's  formula  (93)  of  the  expression  for  n 
in  the  form  n=hQF  ^ we  find  that  the  critical  condition  in  this 
case  takes  the  form 


Many  gelatinous  explosives  exhibit  plastic  properties  which  In 

the  simplest  case  are  described  by  the  model  of  Bingham’s  body 

C187,  189].  Bingham's  body  is  characterized  by  the  so-called  flow 

point  Yq.  With  shear  stress  F less  than  there  is  no  flow,  the 

gel  behaves  as  a solid.  The  experimentally  obtained  values  Yn 

2 5^  2 

depend  on  the  type  of  gel  and  lie  within  the  limits  10  -10  dyn/cm 
[188].  For  plastic  gels  the  limiting  value  of  the  rate  of  normal 
combustion  with  yQ>>n'gP-^P2'^J  Is  with  YQ<<n ' gp^P2/J  - 

is  determined  with  Levlch's  formula  (93)*  Here  n ' is  the  plastic 
viscosity . 


In  gelatinous  systems  there  is  dynamic  surface  tension,  which 
exceeds  static  surface  tension  several  times.  For  some  systems 
even  an  ultradynamic  surface  tension  is  characteristic,  which 
reaches  300  dyn/cm  Instead  of  the  usual  30.  This  fact  can  become 
a rather  Important  factor  for  stabilizing  the  disturbance,  in 
particular  during  the  excitation  of  instability  with  high-frequency 
oscillations,  including  those  ge.. orated  by  the  very  process  of 
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combustion  [189].  As  concerns  the  critical  values  of  the  rates  of 
combustion,  in  view  of  the  weak  dependence  on  a and  n they  can 
increase  several  times  with,  an  increase  In  a or  n by  an  order. 
Furthermore,  the  absolute  values  of  these  values  change,  which 

determine  the  change  of  factors  stabilizing  combustion. 

# 

§ 38.  Artificial  Disturbances  Under 
Subcritlcal  Conditions  of 
Combustion 

For  subcritlcal  conditions  of  combustion  disturbances  with  an 
amplitude  more  than  /o/gp^  (or  /iW/gp^ )can  be  only  artificial, 
since  combustion  Itself  cannot  generate  them.  These  disturbances 
can  be  Introduced  from  without,  for  example  during  the  ignition  of 
explosives  by  agitation  of  their  container  or  by  another  method. 

An  artificial  disturbance  can  either  ”spread"  to  a value,  comparable 
v.'ith  "natural"  disturbances,  or  burn  out. 


With  low  viscosity.  If  C<  *^o/gp^ , then  the  disturbances  do  not 

break  up;  taking  Into  account  the  results  of  § 36,  It  is  possible 

to  confirm  that  oscillation  of  the  surface  occurs  with  simultaneous 

combustion,  whereupon  If  C>>  ^0/ gp^ , then  the  disturbances 

spread  over  time  of  the  order  t^~^/W.  Comparison  of  tp  with  the 

tim.e  of  combustion  of  the  disturbance  tp~C/u^  makes  it  possible  to 

conclude  that  with  u^<^ag/‘^p^~5-10  cm/s  and  5>>C^t^>tp.  Thus, 

large  artificial  disturbances  under  subcritlcal  conditions  virtually 

always  burn  out  in  time  of  the  order  (C-C^)/u.,  up  to  dimensions  of 
0 

the  order  ^ , and  then  they  behave  as  natural  disturbances.  With 
high  viscosity,  the  time  of  combustion  of  the  disturbance  is 
greater  than  the  time  of  spreading,  and  pulsations  of  the  surface 
must  be  absent. 

Thus,  in  the  case  of  nonvlscous  liquids  artificial  disturbances 
spread  fastc-^  than  they  burn,  whereas  in  the  case  of  high-viscosity 
liquids  the  situation  is  reversed.  Hence  follows  the  different 
mechanism  of  the  destruction  of  an  artificial  disturbance  in  the 
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subcrltical  range:  spreading  In  nonvlscous  and  burnout  In  hlgh- 

vlscoslty  liquids. 


Hear  critical  conditions  an  artificial  disturbances  is  able 
"to  swing"  the  surface  of  combustion  to  the  limiting  amplitude, 
whereas  under  favorable  conditions  (absence  of  disturbing  effects) 
the  range  of  amplitudes  can  not  go  beyond  the  limits  of  infinitesimal 
disturbances  and  combustion  will  go  smoothly.  Under  these  conditions 
_a  powerful  external  disturbance  can  cause  turbulence  of  the  flow  of 
combustion  products  and  initiate  disturbed  combustion  which  will  be 
extinguished  through  oscillatory  conditions.  All  of  this  can 
Influence  the  recorded  rate  of  combustion.  As  follows  from  that 
which  was  presented,  a disturbance  with  an  amplitude  is 

powerful.  Immediately  let  us  note  that  in  many  Instances  this  Is 
a very  low  value,  and  in  experiments  special  measures  must  he 
undertaken  If  we  want  to  investigate  the  phenomenon  in  the  pure 
form.  Specifically,  the  bubbles  of  gas  dissolved  in  the  liquid  are 
capable  of  becoming  the  source  of  a "large"  disturbance. 


If  conditions  are  such,  that  both  o and  n are  small  (low- 
viscosity  liquid,  low  surface  tension,  high  temperature  of  the 
surface  of  c./mbU3tlon , etc.),  then  the  time  of  the  spreading  of 
the  disturbance  C will  comprise  t^~  /2C/g. 


Theory  does  not  give  the  connection  of  the  oscillation  frequency 
of  the  surface  with  the  parameters  of  combustion.  Qualitatively, 
ho’wever,  it  is  possible  to  expect  the  following.  In  proportion  to 
the  approach  to  the  critical  point,  oscillations  of  the  surface 
cf  combustion,  caused  by  disturbances,  will  die  out  slower  and 
slower,  since  the  equilibrium  (without  oscillations)  is  reached 
In  the  approach  to  the  critical  point  from  the  side  of  lower  ..■.'es 
of  combustion.  In  the  early  stage  of  the  precrltlcal  range  the 
fading  of  pulsations  occurs  rapidly  and  the  initial  disturbances 
are  dissipated,  without  introducing  distortions  into  the  development 
of  the  process  of  combustion. 
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S 39*  Features  of  Combustion  In  the 
Precrltlcal  Range 

In  the  precrltlcal  range  of  combustion,  as  the  analysis  In  the 
preceding  sections  of  the  chapter  showed,  the  time  of  the  combustion 
of  disturbances  generated  by  the  process  of  combustion,  frequently 
proves  to  be  less  or  comparable  to  the  time  of  the  spreading  of  the 
disturbances.  Oscillations  of  the  surface  of  combustion  during  the 
simultaneous  motion  of  disturbance  waves  create  the  convective 
mixing  of  a layer  of  the  liquid  of  some  thickness,  adjacent  to  the 
surface  of  combustion.  Disturbances  of  the  surface  amplify  heat 
exchange  in  the  surface  layer  and  are  capable  of  expanding  the 
thoroughly-warmed  layer  because  of  the  supplementing  of  conductive 
heat  transfer  by  convective  [38].  If  weak  agitation  of  the  surface 
of  liquid  is  able  to  Increase  the  entrance  of  vapors  into  the  gaseous 
rhase,  which  can  be  observed  In  substances ' with  a hot  flame,  then 
t;.e  Intense  intermixing  of  the  near-surface  layer  can  cool  the 
thoroughly-warmed  layer,  and  also  the  zone  of  the  chemical  reaction 
to  such  a degree,  that  the  conditions  of  thermal  equilibrium  will 
ho  oestrcyed  and  combustion  will  die  out. 

In  limiting  situations  the  intense  agitation  (mixing)  of  the 

thoroughly-warmed  layer  of  liquid  with  the  underlying  cold  masses 

loads  to  heat  loss  from  the  reaction  layer.  This  creates  the 

prerequisites  for  a paradoxical  effect:  the  emergence  of  the 

disturbance  of  the  liquid  near  the  stability  limit,  there,  where 

tnoro  are  oscillations  of  the  surface  and  a spreading  of  the 

disturbances,  which  may  lead  to  an  Increase  in  the  critical 

diam.eter  of  combustion  d . Beyond  the  stability  limit  where 

K r* 

oscillations  are  absent,  the  indicated  phenomenon  is  impossible. 

It  is  logical  to  assume  that  if  the  amplitude  of  the  disturb- 
ances is  considerably  greater  than  the  thickness  of  the  thoroughly- 
v/arm.od  layer,  and  time  of  the  combustion  of  the  disturbance  is 
greater  than  the  time  of  spreading  tp,  then  one  may  expect  the 
effect  of  oscillations  of  the  surface  on  d , and  in  the  case  when 

K ^ 

> 
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t^<tp  damping  Is  possible.  Comparing  the  thickness  of  the 
thoroughly-warmed  layer  with  (where  Is  the 

coefficient  of  thermal  conductivity  of  liquid  explosives),  we  find 
that  the  condition  for  the  emergence  of  the  considered  effect  is 

■3 

the  satisfaction  of  the  Inequalities  uj^>>H2P2S/P]^  J t^>tp. 

The  precrltlcal  range  of  combustion,  characterized  by 
fluctuations  of  the  surface  of  the  liquid,  also  exhibits  the 
peculiarity,  that  In  It  the  rate  of  combustion  Is  increased 
several  . Lmes  In  comparison  with  the  normal  rate  (without  fluctua- 
tions of  the  surface)  because  of  deformation  of  the  surface  of 
combustion,  and  the  value  of  the  rate  Itself  depends  on  the 
Introduction  of  artificial  disturbances  of  combustion  from  without. 
The  passage  through  the  critical  point  removes  the  uncertalnlty 
of  the  size  of  the  surface  of  combustion;  the  transition  must  be 
characterized  by  a sharp  discontinuity  In  the  dependence  of  the 
rate  of  combustion  on  pressure,  since  beyond  the  stability  limit 
csolllations  with  limited  amplitude  are  changed  (according  to 
Landau's  theory)  by  an  increase  In  the  amplitude  of  the  disturbance 
v/ithcut  oscillations.  All  this  makes  it  possible  to  consider  It 
natural  that  between  the  range  where  n^/u^> (u^u^/'g)  (disturbances 
do  not  affect  combustion)  and  the  critical  point,  the  recorded 
average  rate  of  combustion  of  a charge  of  liquid  explosives  can 
lie  within  the  limits  from  the  normal  rate  to  a rate  increased  2-^ 
times  (proportionally  to  an  increase  In  the  surface  of  combustion 
as  a result  of  Its  deformation  during  oscillations). 

The  decomposition  of  the  standing  wave  of  the  disturbances 
(appearance  of  an  imaginary  part  in  expressions  for  the  value  of 
the  amplitude  of  the  disturbance)  in  the  subcrltlcal  range  of 
combustion  gives  rise  to  a progressive  or  rotary  wave  which,  as 
though  "overflowing"  departs  from  the  point  with  the  greatest 
local  pressure.  .Since  a pressure  drop  is  generated  by  the  combustion 
of  the  disturbance  waves  themselves,  for  a measure  of  the  rate  of 
motion  of  such  waves  let  us  accept  the  rate  of  "spreading".  This 
means  that  in  a round  container  where  the  wave  will  rotate,  the 
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rotation  frequency  depends  on  the  diameter  of  the  container  d and 
the  rate  of  combustion  as  f-W/d'-Uj^  V^/d . In  a plane 

oontainer  one  should  expect  the  emergence  of  a traveling  wave  whose 
rate  will  be  of  the  order  W” vU^u^ . 

§ mO.  The  Possibility  of  the  Emergence 
of  Turbulence  in  the  Molten  Layer  of  a 
Burning  Solid  Explosive 

Sometimes  the  agitation  of  the  surface  molten  layer  of  burning 
solid  fusing  explosives  is  considered  as  one  of  the  important 
factors,  which  contribute  to  the  transition  of  combustion  to 
disturbance  and  explosion  [85].  Using  dimensional  equations,  let 
us  estimate  the  possibility  of  the  emergence  of  the  Indicated 
eff-ct. 

From  dimensional  considerations  it  may  be  concluded  that  for 
d-.'velc:  Ir^g  a disturbance  the  thickness  of  the  layer  of  fusion 
:;!ust  exceed  the  value  of  the  order  of  the  wavelength  of  the  dls- 
turcance  Since 


UlU* 


where  T,, , T^^,  Tq  are  temperatures  respectively  of  the  surface  of 
the  burning  explosive,  of  fusion  of  the  explosive  and  the  initial 
temperature  of  the  charge,  then  is  equivalent  to  the 

condition 

fliXjgPiPi  In  r >•  J’, 

vjhere  a^  is  a constant. 


If  in  the  layer  of  fusion  of  the  explosive  stabilization  of 
the  disturbance  is  effected  by  the  forces  of  viscosity,  then  for 
developing  a disturbance  it  is  necessary  that  the  rate  of  combustion 
exceed  the  critical  value  according  to  Levlch  [formula  (93)].  The 
necessary  condition  of  the  disturbance  of  the  combustion  of  fusion 
takes  the  form 


285 


(98) 


In  7”>  J‘>  3 /3>npX'. 
or 

3Ts$'“'”»’  

which  (in  ordei’  of  values)  answers  the  condition 

n VK<**s 

(n.  poise;  p^, , atm;  a2=const  = l).  With  n>l  poise  atm,  and 

considerable  pressures  p,^  are  possible  only  with  ri<l  poise.  How- 
ever, as  noted  above,  with  n<l  poise  the  basic  stabilizing  effect 
is  exerted  by  surface  tension.  In  this  case  instead  of  (99)  the 
inequality  a2U^/Pjj>>l  is  obtained,  where  Is  a constant  of  the 
order  of  one;  Is  the  linear  rate  of  combustion;  p^,  atm.  Such 
an  inequality  is  never  satisfied  in  the  range  pj,>l  atm,  since 
u^=Bp^,  where  B=10~^-10”"  cm/s*atm^^^,  v<l. 

Thus,  the  development  of  disturbances  in  the  layer  of  fusion 
is  unreal.  Only  at  initial  temperatures,  very  close  to  the  melting 
point,  Tq=T^^,  when  the  substance  is  practically  all  liquefied, 
can  tlie  consiaered  effect  occur,  since  in  this  case  there  will  be 
no  fundamental  difference  from  a viscous  liquid. 

§ ^1.  Combustion  Stability  Under 
Variable  Pressure  [179] 

During  the  combustion  of  liquid  explosives  under  conditions 
of  rising  pressure  a significant  role  is  played  by  the  relation  of 
the  growth  time  of  the  disturbance  tQ  and  of  the  time  of  the  change 
in  pressure  t.  If  tQ>>t,  then  the  disturbances  do  not  have  time 
to  develop,  and  with  tQ<<t  combustion  will  be  similar  to  combustion 
under  constant  pressure.  It  is  possible  to  consider  that  the 
criterion  of  stability  during  combustion  under  conditions  of  rising 
pressure  Is  the  expression 

fo/^ss  const  = 1.  (100) 
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Since  tQ  rapidly  decreases  during  a pressure  Increase  (see  Table  20), 
it  is  sufficient  to  examine  the  criterion  (100)  near  the  critical 
conditions,  which  are  charaoterlstlc  for  combustion  under  constant 
pressure  (Landau's  theory  and  Levlch's  theory).  Let  the  critical 
j'resduro  under  conditions  of  rising  pressure  be  and  the 

K p 

corresponding  rate  Then 


With  n=J/J|.  = l+6  , 6<<1,  we  obtain: 


a)  in  the  case  of  low  viscosity  (with  u^'p): 

2r  =2r  p'iva ~ 2r  / {P„„  — 

co;ist  ~ 1 ; 

b)  in  Che  case  of  high-viscosity  systems: 


(101) 


V,  rS  V SK  = rn-V'P;  (P,,..  - p.)/p,  const  c- 1 . 


(102) 


In  the  particular  case  during  the  combustion  of  a charge  of 
liquid  explosives  in  a manometer  bomb  under  the  law  of  the  combustion 
of  explosives  of  the  form  u^=Bp'^,  the  characteristic  time  of 
pressure  change  is 

r = l/<  = = VMp^-'/BSJtT,Pi, 

% 

where  S is  the  area  of  the  surface  of  combustion;  V is  the  volume 
of  the  bomb;  T2  is  the  temperature  of  the  combustion  products;  R is 
a gas  constant;  M Is  the  molecular  weight;  for  many  liquid  explosives 


In  other  words.  In  a manometer  bomb  with  low  viscosity  and 


(P,.p-PVP.~(W. 

and  with  high  viscosity  and  v=l 


When  V+“,  p^p-*-p„,  l.e.  the  combustion  proceeds  analogously  to  the 
case  of  a bomb  of  constant  pressure.  Thus,  during  the  combustion 
of  liquid  explosives  In  a manometer  bomb  the  critical  pressure  p 
turns  out.  to  be  all  the  greater  than  the  faster  the  pressure 
buildup  occui's  In  the  volume  of  combustion,  whereupon  viscous 
systems,  other  conditions  being  equal,  yield  a large  difference 
(Pj^p-P*)  In  comparison  with  low-viscosity  explosives. 


Kp 


For  illustration  of  the  obtained  result  we  will  turn  to  the 
dlagraiii  in  Fig.  98.  Here  is  the  critical  pressure  of  normal 
conbuptlon  under  conditions  p=0,  l.e.  of  combustion  In  a bomb  of 
constant  pressure,  p is  the  current  pressure,  t is  time. 


\/l 


Let  us  assume  two  experiments  with 
different  rates  of  pressure  buildup  in  the 
volume  of  the  bomb:  and  p^  (curves  1 

and  2),  whereupon  p-j^<P2‘  We  will  begin 
counting  time  from  the  moment  p=p<f.  In 
coordinates  p/p^j  - f the  dependences  of 
the  time  of  development  of  the  disturbances 
in  Landau's  problem  (curve  a)  and  in 
Levlch's  problem  (curve  b)  have  the  form 
of  hyperbolas,  which  asymptotically 
approach  p/p„=l  with  t-*-«>.  According  to 
(101)  and  (102)  and  Table  20,  curve  b lies 
in  the  range  of  higher  values  of  time  and  proceeds  more  steeply 
than  curve  a.  The  collision  points  of  curves  1 and  2 with  curves 
a and  b determine  the  value  of  the  critical  pressure  which  will  be 
observed  during  combustion  under  rising  pressure.  In  this  case 
the  faster  the  pressure  increases,  the  higher  is  the  critical 
pressure,  and  at  equal  p hlgh-vlscoslty  systems  (Levlch's  problem) 
give  higher  values  of  p than  low-viscosity  systems  (Landau's 

H p 

problem) . 


0 7 

Fig.  98.  Effect  of 
the  rate  change  of 
pressure  in  the  vol- 
ume of  combustion  on 
the  critical  pressure 
of  normal  combustion. 
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S k2.  Questions  of  the  Theory  of  Combustion 
of  Liquid  Explosives  Beyond  the  Stability 
Limit 


r The  theories  of  the  hydrodynamic  combustion  stability  of 
liquid  explosives  of  L.  D.  Landau  and  V.  G.  Levlch  in  the  form 
presented  above  provide  a stability  criterion,  but  they  cannot 
predict  the  nature  of  the  process  above  the  critical  pressure.  In 
this  sense  a theory  of  developed  disturbed  combustion  has  not  yet 
been  created. 

Let  us  examine  the  picture  of  the  flow  of  combustion  products 
of  a disturbed  liquid  substance.  In  this  case  we  will  use  the 
results  of  corresponding  discussions,  carried  out  for  gas  flames 
[185]  taking  into  account  the  fact  that  unlike  gas  systems  where 
in  the  case  of  liquid  substances  p,>>pT 

1 J.  <1 

Plow  of  Combustion  Products  During 
Disturbed  Combustion 

During  the  combustion  of  the  flat  undisturbed  surface  of  a 
liquid  the  flow  of  combustion  products  is  irrotational  and  (dis- 
regarding lateral  effects)  one-dimensional.  However,  beyond  the 
stability  limit  the  picture  of  flow  changes  sharply.  Emerging  from 
the  deformed  surface  of  the  liquid,  the  products  of  vaporization, 
during  expansion  in  the  process  of  reaction,  can  form  vortices, 
since  the  flow  of  gas  becomes  three-dimensional  and  is  not  baro- 
tropic.  Calculations  [185,  I90]  show  that  the  vortices  are  formed 
over  the  surface  of  flame  unevenly.  The  greatest  intensity  of 
vortex  formation  appears  near  the  bending  points  of  the  deformed 
shape.  This  process  is  illustrated  by  the  diagram  in  Fig.  99, 
taken  from  [l85].  As  can  be  seen  from  the  diagram,  vortices 
attempt  to  expand  the  gas  flow  (with  flame)  in  such  a way  that  the 
convex  sections  move  forward,  and  the  concave  sections  remain,  i.e. 
the  initial  disturbances  increase.  The  vortices  produce  a disturb- 
ance of  pressure  whose  gradient  is  directed  across  the  flame  from 
convex  places  to  concave  ones.  The  distance  from  the  surface  of  the 
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o’ig.  99.  Dia- 
gram of  th-i 
.forniation  of 
vortices  in 
combustion 
products  as 
a result  of 
the  deforma- 
tion of  the 
front  of  the 
flame . 


liquid  to  the  turning  place  of  the  lines  of  flow 
depends  on  the  degree  of  thermal  expansion  in  the 
flame  and  increases  with  an  Increase  in  Hence 

it  follows  that  the  higher  the  pressure,  the 
nearer  to  the  surface  of  liquid  the  vortices  are 
formed . 


The  existence  and  the  behavior  of  a gas 
flame  reproduce,  in  an  enlarged  form,  the  picture 
of  the  arrival  of  vapors  from  the  surface  of  the 
.liquid.  The  oscillations  of  the  surface,  mixing 
of  the  surface  of  the  thoroughly-warmed  layer  by 
disturbance  waves;  all  this  is  immediately 
reflected  in  the  flame.  At  the  moments  and  in 
the  ranges  of  Intensification  of  vapor  formation  occur  the  deflection 
of  the  gas  flame  from  the  surface  of  the  liquid  and  the  drift  of 
the  flame  from  the  flow  of  vapors.  A decrease  in  the  arrival  of 
vapors  leads  to  the  approach  to  the  surface  by  the-  flame  which  is 
spreading  cn  tbe  vapor  flow;  this  leads  to  an  increased  arrival 
of  neat  from  the  flamie  to  the  liquid  and  the  acceleration  of  vapor 
formation.  Pulsations  of  the  gas  flame  appear. 


As  noted  above,  the  theory  does  not  provide  a connection  between 
pulsations,  surface  irregularities  during  the  development  of 
disturbed  combustion  and  stability  conditions.  It  is  possible  to 
assume  that  the  dimensions  of  inequalities  during  developed 
disturbed  combustion  are  connected  with  the  dimensions  of  the  most 
dangerous  disturbances,  which  are  derived  in  stability  bhe-cry. 

An  analogous  phenomenon  occurs  in  so-called  cellular  gas  f-ames 

185],  where  the  size  of  a cell  is  connected  with  the  dimen- 
sions of  the  most  rapidly  growing  disturbance.  It  is  possible 
to  visualize  that  basics  My  some  disturbances  increase  for  which  t 
(characteristic)  is  minimal  under  given  conditions,  and  their 
Increase  suppresses  the  development  of  other  disturbances.  When 
disturbances  reach  sufficiently  large  amplitude,  their  growth  ceases 
due  to  nonlinear  processes  and  a constant  rate  of  disturbed  combus- 
tion is  established. 
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It  Is  necessary  to  note  one  very  important  fact  [177]-  The 
theories  of  hydrodynamic  stability  have  been  developed  in  linear- 
approximation,  and  that  is  why  they  are  accurate  with  infinitesimal 
amplitudes  of  the  disturbances. 


The  instability  of  a flame  in  this  approximation  still  does 
not  mean  that  its  autoturbulence  must  arise.  With  an  increase  in 

disturbances  nonlinear  effects  can  appear,  which  will  stabilize 

deformations  of  the  surface  of  combustion  and  prevent  the  further 
development  of  disturbances. 

I 

" ' — ^ According  to  conclusions  from  Landau's  theory,  beyond  the 

stability  limit  an  increase  in  the  amplitude  of  the  most  dangerous 

disturbance  X occurs.  With  an  increase  of  n the  size  of  X„ 
n n 

•deci'eases  rapidly,  as  well  as  the  time  of  its  development.  If  the 
value  of  the  disturbance  X^  is  great  in  comparison  with  the  width 
of  the  combustion  zone  (and  only  this  case  is  examined  by  Landau's 
, : .and  Levich's  theory  of  the  limits  of  stable  combustion),  then 
- together  with  the  surface  of  the  liquid  the  surface  of  the  chemical 
gas-phase  reaction  is  deformed  (here  Is  meant  the  zone  of  reaction 
in  the  vapors  nearest  to  the  surface  of  liquid,  which  most  strongly 
affects  the  rate  of  combustion  in  volatile  systems).  Actually, 
the  comparison  of  the  times  of  the  development  of  disturbances  t 
and  of  the  relaxation  of  the  process  of  combustion  t^  shows  that 
always  t>t^.  It  is  clear  that  an  increase  in  the  surface  of 
combustion  must  Involve  an  increase  in  the  mass  rate  of  combustion. 
The  effect  of  deformation  of  the  surface  of  the  burning  liquid  on 
the  rate  of  combustion  has  been  noted  by  a number  of  authors  [37, 
191]. 


It  Is  interesting  to  note  that  upon  transition  through  the 
critical  rate  the  recorded  rate  of  combustion  had  to  grow  with  a 
Jump,  since  immediately  after  u=l  the  surface  of  combustion  begins 
to  be  developed  because  of  an  Increase  In  the  amplitude  of  the  most 
dangerous  disturbances. 
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Since  in  Landau's  and  Levich's  theory  precisely  this  increase 
in  the  amplitude  of  the  disturbances  determines  the  development  of 
the  process  of  combustion  (and  consequently  its  regularity),  it  is 
necessary  to  examine  the  question  of  how  strongly  the  disturbance 
^f  the  surface  can  develop. 

In  Landau's  and  Levich's  model  the  Increase  in  the  amplitude  of 
disturbances  is  not  limited.  However,  in  actuality  there  are 
factors  which  substantially  limit  this  increase.  So,  the  amplitude 
of  the  deformation  of  the  surface  of  the  liquid,  wh  -"rows, 
acGora'ng  to  the  model  of  Landau  and  Levich,  from  an  ■ .itesimal 
disturbance,  is  limited  from  above  by  the  energy  of  the  disturbing 
effect  of  the  flow  of  combustion  products.  The  amplitude  of  such 
a disturbance  ^ is  connected  with  the  rate  of  flow  as 

'/a  f'.Wg, 

that  gives  ^<u^U2/2g. 

At  the  critical  point  5 = = (u^u^ ) u/2g=X „=2Tr/k,f . The  values 

arc  calculated  above. 

Artificial  disturbances  with  an  amplitude  of  more  than  u^u^/g 
v/ill  "spread"  to  these  dimensions,  ‘ and  then  their  evolution  will 
not  differ  from  the  development  of  spontaneous  disturbances.  With 
respect  to  this  form  of  disturbances  in  the  sense  considered  here 
the  conclusions  of  § 37  are  applicable. 


^It  should  be  noted  that  the  effect  of  the  interaction  of  the  liquid 
with  the  walls  of  its  container  is  not  considered  here.  In  the 
case  of  small  diameters  of  the  container  and  high  adhesive  force  of 
liquid  (for  example  viscous,  gelatinous)  the  material  of  the  con- 
tainer acquires  a very  significant  factor,  which  interferes  with 
spreading. 


292 


The  Separation  of  Drops  from  the  Burning 
^rface  of  Liquid 


Let  us  pass  to  the  d ^ -^^cussion  of  a very  important  phenomenon 
„for  the  unstable  combustion  of  liquids  : the  separation  of  drops 

from  the  surface  of  liquid  by  the  flow  blowing  on  it. 


The  formulation  of  the  problem  of  the  separation  of  drops 
from  the  surface  of  liquid  coincides  with  the  problem,  solved  by 
Landau  [73]  and  Levich  [7^],  if  instead  of  the  rate  of  combustion 
we  examine  the  speed  of  the  flow  which  Is  blowing  out.  By  putting 
to  use  the  methods  of  dimensional  theory,  this  can  be  shown  in  the 
following  manner. 

If  the  dimension  of  the  drops,  being  separated  from  the  surface 
of  the  liquid,  is  r , the  speed  of  the  flow  which  is  blowing  out  is 
u,,  density  p^,  and  the  density  of  liquid  , then  the  force,  which 
acts  on  the  surface  of  the  liquid  from  the  side  of  the  flow  is 


The  force  of  surface  tension,  which  resists  separation. 

If  viscous  forces  impede  separation,  then 

Fr,  ~ 

Comparing  with  or  F^ , we  obtain  the  critical  conditions  of 
separation  F /F  =1  and  F /F  =1,  which  coincide  with  an  accuracy  to 
constant  factors  with  the  criteria  of  Landau  and  Levich  respectively. 
This,  the  satisfaction  of  these  criteria  denotes  the  beginning  of 
t)je  process  of  separation  of  drops  from  the  surface  of  liquid.  It 
is  simultaneously  known  that  the  entrainment  of  drops  of  liquid 
becomes  noticeable,  when  rate  of  evaporation  reaches  a value  of 
the  order  5*10  g/cm  *s  [192],  which  is  a very  low  value, 
considerably  less  than  the  usual  level  of  the  rate  of  combustion. 
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This  phenomenon  can  Introduce  a supplemental  contribution  into  the 
process  of  the  removal  of  the  drops  of  liquid  to  the  gaseous  phase. 

The  flow  of  combustion  products  along  the  surface  of  the  liquid 
appears  as  a result  of  vortex  formation  and  the  3-dlmenslonal 
natui'e  of  the  picture  of  the  flow  of  products.  The  separation  of 
drops  occurs  from  the  wave  crests  of  the  disturbances,  during 
which  the  irregularity  of  the  surface  facilitates  this  process. 

The  action  of  the  swirled  gas  flow  on  the  surface  of  the  liquid 
smooths  its  contour. 

The  higher  the  rate  of  combustion  in  comparison  with  the 
critical,  the  more  the  minute  disturbances  are  atle  to  develop  on 
tl'.e  surface  of  the  burning  liquid.  simultaneously  the  rate  of  flow 
increases.  Actually  the  disturbances  are  not  able  to  grew,  and 
the  process  of  vapoi'izatlon  in  essence  is  replaced  by  the  separation 
and  entrainment  into  the  gas  flame  of  microdroplets  of  liquid. 

The  thoroughly-warmed  layer  in  the  liquid  phase  virtually  disappears. 
Actually,  w'.th  Uj^  = 10  cm./s,  which  is  realized  experimentally  [38, 

1?3],  the  thi-hness  of  the  thoroughly-warmed  layer  of  liquid  would 

-5 

be  -I  u,  and  time  of  presence  in  it  -lO  s,  which  is  too  small  to 
consider  that  any  substance  can  burn  under  such  conditions  by  the 
usual  thermal  conductivity  mechanism,  whereas  the  experiment  con- 
<^irms:  the  capability  for  disturbed  high-speed  combustion  is 

practically  Independent  of  the  chemical  nature  of  the  liquid 
explosives.  From  the  viewpoint  of  the  initial  liquid  substance 
during  combustion  beyond  the  stability  limit  thermomechanj cal 
erosion  occurs  with  the  subsequent  treatment  of  tiie  explosive  in 
the  vortex  flame. 

It  is  interesting  to  note  that  the  picture  of  combustion 
beyond  the  stability  limit  can  depend  strongly  on  the  mechanism 
of  combustion.  We  build  all  discussions  on  the  assumption  of  the 
gas“phase  prominent  reaction  of  combustion.  If  an  explosive, during 
its  combustion,  undergoes  significant-  k-phase  reactions,  then  It  is 
possible  to  expect  a number  of  complications  of  the  picture. 
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Specifically,  the  disturbance  of  thermal  equilibrium  In  the  k-phase 
can  lead  to  the  fading  of  combustion  upon  transition  to  developed 
disturbed  conditions,  or  the  Inhibition  of  Ignition  up  to  failure. 


Rale  of  Combustion  of  ZhW  Beyond 
the  Stability  Limit 

The  introduction  of  the  hypothesis  that  the  treatment  of  a 
liquid  explosives,  stripped  off  by  the  flow  of  swirled  gas,  occurs 
in  the  turbulent  hlgh-temperature  flame,  makes  It  possible  to  solve 
the  problem  of  the  value  of  the  rate  of  disturbed  combustion.  The 
^^Tact  is  that  in  a turbulent  flame  the  kinetic  peculiarities  of  an 
explosive  fall  back  to  the  second  plane  and  the  reaction  rate  in 
the  flame  is  very  great  and  does  not  limit  the  treatment  of  the 
initial  substance.  The  limiting  stage  becomes  the  growth  of 
disturbances  and  Inequalities  which  "are  cut  off"  by  the  vortex 
flow  and  taken  away  into  the  flame  for  combustion.  Hence  it  follows 
that  the  rate  of  combustion  under  disturbed  conditions  u^  Is 
limited  by  the  rate  of  growth  of  the  disturbances,  i.e. 


(103) 

where  and  x are  the  dimension  and  time  the  development  of 
the  most  dangerous  disturbance  (see  Table  20)  , v^^  is  the  rate  of 
its  increase. 


In  vlev/  of  the  unwieldiness  of  the  expression  for  u^  in  the 
general  form  let  us  observe  initially  the  evolution  of  value  using 
data  of  the  calculation  for  nltroglycol  (see  Table  19).  In  Fig.  100 
va].ue  1 s built  in  logarithmic  scale  depending  on  J/J^n.  Upon 
transition  through  n=l,  the  value  v^  grows  sharply  from  zero.  The 
slope  of  curve  v=d(ln  u^)/d(ln  n) , which  characterizes  the 
dependence  v^-n'"’,  decreases  from  <»  through  intermediate  values 
to  v=0.5*  Approach  to  v=0.5  proceeds  asymptotically  in  proportion 
to  the  increase  in  n and  is  satisfied  with  n>>l. 
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— Pig.  100.  De- 
pendence of  rate 
of  combustion 
beyond  the  sta- 
bility limit  on 
n=J/J„  for 
nltrcgly  col . 


An  expression  for  the  limiting  (n>>l)  form 
of  the  dependence  on  the  parameters  of  com- 
bustion can  be  obtained  from  the  following 
physical  prerequisites.  The  limiting  value  of 
the  rate  of  combustion  will  be  proportional  to 
to  rate  of  the  escape  of  liquid  from  surface  and 
is  limited  by  the  energy  of  the  flow.  This  makes 
it  possible  to  write,  that  at  the  limit:  

with  

(“t ~ «i)* Pi  (lOM) 

in)  — I'l  V 


wher-;-  u^=Ep^'  is  the  normal  rate  of  combustion  of  the  liquid  in  the 
abs-i!  'e  of  disturbances. 


It  is  convenient  to  introduce  critical  values  of  the  rate  of 
cc:tcu3tlon  and  pressure  and  , after  which  the  form  of  the 
expression  for  the  rate  will  be  the  following: 


with 


= a {pipy  + Cl  (p/p.) 


v-0.5 

1 


(105) 


v-jh-'T'e  a,  are  constants. 


Thus,  the  rate  of  developed  disturbed  combustion  depends  on 

the  value  of  the  critical  parameters  uj/p^  and  on  pressure  to 

the  degree  (v-0.5).  Comparing  this  result  with  the  data  calculated 

for  nitroglycol  (see  Fig.  100),  we  are  convinced  that  the  limiting 

form  u (p),  obtained  from  expression  (103)  and  using  (104)  coincide. 

4 

The  same  result  of  course  Is  obtained  from  Table  20  for  n >>1. 


If  under  these  conditions  of  combustion  calculated  for  a 
container  of  infinite  diameter  will  not  be  realized,  then  the 
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increase  of  value  will  take  place  more  slowly,  l.e.,  one  should 
expect  that  for  arrival  at  the  limiting  dependence  u^(n)  higher 
values  of  J/J*  will  have  to  be  reached. 

For  the  most  dangerous  disturbance  the  rate  v^  can  be  written 
in  the  form 

-2ny . (XT)-*  = 2jit  V gi^,  <p  « - ,u  T. 

The  value  of  <p  does  not  depend  on  the  properties  of  the  explosive 
(they  affect  the  value  of  k„).  This  makes  it  possible  to  construct 
universal  dependences  q>(J/J|,)  for  Landau's  problem  - (p^  and  for 
Levich's  problem  - . From  the  comparison  of  curves  q>^(j/J,i)  and 

<p  (J/f*)  it  follows  that  in  the  case  of  viscous  systems  the  arrival 

n " 

a\  the  asymptotic  dependence  occurs  more  slowly. 

It  is  very  probable  that  in  view  of  o-^O  during  the  approach 
of  the  temperature  of  the  surface  of  the  liquid  and  the  pressure 
to  critical  values  the  transition  occurs  of  the  dependence  q>(n) 
with  the  curve  m to  m , which  leads  to  the  later  arrival  of  the 
rate  of  disturbed  combustion  at  the  limiting  dependence. 

, Formula  (10^),  from  other  considerations,  was  obtained  for 
the  first  time  by  A.  D.  Margolin. 

The  difficulty  in  using  expression  (104)  lies  in  the  fact  that 
for  determining  the  rate  of  combustion  far  from  the  limit  it  is 
necessary  to  consider  that  in  the  absence  of  disturbances  (re- 
pression of  them  by  one  n.ethod  or  another)  the  rate  law,  character- 
istic for  subcrltical  conditions,  remains  in  force.  The  constant 
a must  be  determined  experimentally.  It  reflects  the  ability  of 
liquid  to  be  split  up  into  drops  and  also  the  kinetic  of  the 
reaction  of  the  latter. 

Let  us  note  that  expression  (103) jCorrectly^ is  outside  of  the 
dependence  on  the  predominant  factor  of  stabilization,  be  it  surface 
tension  or  viscosity.  Only  the  value  of  the  critical  values  changes. 
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Thus,  beyond  the  stability  limit  combustion  takes  place  by 
the  mechanism  of  the  separation  of  drops  and  their  combustion  in 
the  vortex  gas  flame.  Due  to  the  vortex  nature  of  flows  in  the  gas, 
the  flame  becomes  turbulent,  with  a high  degree  of  homogeneity  of 
>the  temperature  on  the  flame,  caused  by  the  recirculation  of  gas. 

The  vortices  of  high-temperature  gas  separate  drops  of  liquid  from 
the  disturbances  and  throw  them  into  the  gas  at  a temperature  equal 
_to  the  final  temperature,  where  accelerated  heating  and  combustion 
of  the  liquid  occurs.  Combustion  bears  a truly  turbulent  nature. 

The  energy  source  of  process  as  a whole  is  the  gaseous  phase.  The 
recirculation  of  the  final  high-temperature  combustion  products 
rrovldes  the  high  effectiveness  of  the  process  of  combustion.  Since 
u^  depends  on  final  temperature  and  the  composition  of  combustion 
products  through  the  dependence  on  the  absolute  value  u^  (other 

conditions  being  equal)  must  be  more  in  systems  with  an  Increased 
value  i/RT^/K,  where  M is  the  molecular  weight  of  the  combustion 
products,  R is  the  universal  gas  constant,  T^  is  temperature  of  gas. 
hence  it  follows  that  in  mixtures  of  liquid  explosives  the  maximum 
of  the  rate  of  disturbed  combustion  must  occur  near  the  stoichio- 
metric relationship  of  the  components  (see  § 44). 

Prom  that  which  was  presented  above  it  also  follows  that 
during  combustion  beyond  the  stability  limit  particles  of  the 
original  substance  pass  continuously  into  the  flame. 

The  vortex  motion  of  gas  is  able  to  create  clusters  of 
drops , the  thermal  explosion  of  which  can  become  the  reason  for  the 
initiation  of  an  explosion  and,  apparently,  even  of  the  development 
of  detonation  of  the  charge  of  liquid  explosives.  This  scheme  of 
the  initiation  of  explosion  is  proposed  in  practically  all  works 
dedicated  to  this  question.  Unfortunately,  the  absence  of  direct 
experimental  proofs  and  the  severe  difficulties  of  obtaining  them 
force  us  to  examine  the  possibility  of  the  realization  of  such  a 
mechanism  only  indirectly. 
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CHAPTER  VII 


EXPERIMENTAL  STUDIES  OF  THE  HYDRODYNAMIC 
COMBUSTION  STABILITY  OF  ZhVV 

The  tnuoL  detailed  survey  of  the  experimental  works  dedicated 
to  the  analysis  of  combustion  stability  of  ZhVV  [WBB  - liquid 
explosive]  and  to  the  transition  of  their  combustion  into  an 
explosion  is  contained  in  K.  K.  Andreyev's  monograph  [38]>  and 
when  this  is  expedient  we  will  limit  ourselves  to  reference  to 
tills  book.  However,  [38]  does  not  include  all  the' works,  or  the 
comparison  of  theory  and  experiments  is  presented  incompletely. 

§ A3.  Methods  of  Studying  the  Combustion 
of  ZhVV 


There  is  no  need  to  prove  the  great  influence  of  the  method 
of  experiment  on  the  results  obtained  and,  consequently,  also  the 
conclusions  from  the  investigation.  The  theory  of  the  hydrodynamic 
combustion  stability  of  ZhVV  is  constructed  under  the  assumption  of 
the  infinitesimal  dimensions  of  the  acting  disturbances  In 
comparison  with  the  thickness  of  the  combustion  front.  Unfortunate- 
ly, in  the  experiments  for  checking  the  theory  this  requirement  is 
difficult  to  fulfill,  since  the  permissible  dimensions  of 
disturbances  introduced  by  the  ignition  system  turn  out  to  be  very 
small.  Furthermore,  only  sometimes  is  the  necessary  Informa' 
about  the  parameters  of  ZhW  and  combustion  products  available. 

All  this  to  a certain  extent  impedes  the  quantitative  comparison 
of  theory  and  the  results  of  experiments. 
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During  the  study  of  combustion  of  ZhW  the  usual  methods  of 
determination  of  the  basic  parameters  of  explosives  and  powders 
are  used  [18],  The  combustion  of  ZhW  takes  place  In  bombs  of 
constant  (more  precisely,  slightly  changing)  pressure  both  at 
normal  and  at  elevated  temperatures.  In  manometer  bombs,  and  also 
Andreyev  tubes.  The  time  (rate)  of  combustion  is  found  by  the 
methods  of  burning  wires,  photo-cinema-recording,  and  at  low 
velocities  of  the  process  - by  the  measurement  of  burn-up  time  with 
the  aid  of  a stopwatch. 

The  method  of  ignition  is  of  great  significance.  Usually 
heated  electric  spirals,  immersed  directly  into  the  tested 
substance,  are  used.  For  facilitation  of  ignition  the  use  of  a 
transition  layer  made  of  gelatinized  nitroglycol,  diglycoldinitrate , 
etc.  is  useful.  However,  even  an  interlayer  made  from  gelatin  does 
not  ensure  the  absence  of  end  disturbances  which  is  required  by 
theory.  The  best  results  in  the  solution  to  this  problem  are 
obtained  by  the  following  method.  On  the  surface  of  the  investiga- 
ted substance  a layer  of  slowly  burning  liquid  5-7  mm  high  is 
poured.  It  has  a specific  gravity  which  Is  less  than  that  of 
the  studied  ZhW.  In  this  case  it  is  necessary  that  the  auxiliary 
ZhW  under  these  experimental  conditions  would  burn  normally.  It 
is  convenient  to  use  the  following  ZhW:  at  pressures  up  to  80 

atm  - ethyl  nitrate  (p,~1.3  g/cm"^),  at  pressures  between  50  and  I30 
atm  - nitromethane  (p^=1.12  g/cm^). 

Another  method  for  ensuring  the  undisturbed  nature  of 
ignition  entails  the  utilization  of  a manometer  bomb:  the 

inflammation  of  the  charge  at  a low  pressure,  far  from  the  limit 
of  stable  burning,  at  a sufficiently  low  rate  of  pressure  buildup 
in  the  bomb  makes  it  possible  to  attain  the  damping  of  the 
external  disturbances,  connected  with  the  ignition  of  explosives, 
by  the  moment  of  achievement  of  the  Investigated  pressure  range. 

During  the  study  of  the  temperature  distribution  in  the 
burning  ZhW  a significant  difficulty  appears:  the  liquid  envelops 
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the  Joint  of  the  thermocouple  at  the  moment  of  the  exit  of  the 
latter  from  the  condensed  phase  Into  gaseous,  and  this  introduces 
known  distortions.  Nevertheless  the  maximum  temperature  and  the 
shape  of  the  heating  wave  In  the  k-phase  can  be  recorded  with  a 
“^ood  reproducibility. 

Of  great  interest  were  the  observations  of  the  state  of 
ttie  burning  ZhW  which  were  made  tiirough  tiie  layer  of  liquid  using 
the  layout  in  Fig.  101.  The  charge  of  ZhW  was  poured  Into  a 
glass  tube  with  a flat  bottom  3.  Through  a prism  with  an  angle 
of  a high-speed  movie  camera  M Is  used  to  photograph  the  layer 

oV  liquid  with  a height  on  the  order  of  the  depth  of  focus  near 
t!ie  plane  of  focusing  2.  At  filming  speeds  on  the  order  of  2000 
frames  in  1 s with  1.5-3  enlargement  it  is  possible  to  obtain 
useful  information  about  the  dynamics  of  behavior  of  the  burning 
liquid  [178].  Stereo  filming  (two  cameras  arranged  at  an  angle  of 
90°  to  each  other)  made  it  possible  to  fix  the  spin  motion 
of  Uie  flame  [177]. 


Figure  101.  Diagram  of  photographing 
of  combustion  of  a ZhW  through  the 
lower  end  of  the  charge:  1 - bomb; 

2 - surface  of  the  burning  liquid; 

3 - prism  with  angle  of  ^5°;  ^ - 
movie  camera;  p - supply  of  pressure. 


The  study  of  the  transition  of  the  combustion  of  ZhW  into 
an  explosion  was  initially  conducted  in  Andreyev  tubes  [37],  later 
[191]  bombs  of  constant  pressure  with  high-speed  photoreglsti’atlon 
of  combustion  were  used.  Some  experiments  were  set  up  in  manometer 
bombs . 

An  Increase  in  the  viscosity  of  ZhW  as  a rule  is  done  by 
dissolution  of  the  appropriate  high  polymer  (usually  pyroxylin  or 
polymethyl  methacrylate). 
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In  work  [177]  a track  method  was  pi-oposed  for  the  study  of 
unsteady  combustion.  Its  essence  lies  in  the  fact  that  In  the 
lnvostif;ated  ZhW  (in  woi’k  [177]  tills  was  nitroglycol)  a minute 
quantity  (0.01-0.02%)  of  dyo  is  dissolved,  for  example  nigrosine 
(black  organic  dye).  After  the  combustion  of  tiio  ZhVV  with  this 
ti.ldition  on  the  walla  of  the  cup  a track  remains  which  reproduces 
the  form  of  movement  of  tlie  flame  and  I'eflects  Its  interaction 
witli  the  flow  of  the  ebbing  vapors  of  the  explosive.  An 
analogous  method  of  observation  is  applied  during  the  investigation 
of  sliock  waves  and  spinning  detonation. 

§ -I . Law:  ojverning  the  Combustion  of  ZhW 

The  typical  pattei’n  of  ciianges  jn  the  combustion  behavior  of 
ZiiVV  under  constant  external  pressure  depending  on  the  magnitude 
of  the  latter  lias  been  described  repeatedly  [38].  In  a general 
form  It  Is  possible  to  present  the  following  sequence  of  processes 
observed  during  the  study  of  combustion  in  pressure  dependence: 

1,  Hangc  of  smootli  burning.  It  is  characterised  by  an  even 
flame  front,  by  the  stationary  propagation  of  combustion.  The 
deoendence  of  rate  of  combustion  on  pressure  here  is  usually  very 
close  to  linear. 


2.  Near-critical  transition  region  of  combustion.  In  the 
beginning  of  this  region  at  lovir  pressures  during  careful  ignition 
(through  the  interlayer  of  liquid)  here  it  is  possible  to  obtain 
Kietastable  normal  values  of  combustion  rate  which  satisfy  the 
dependences  for  the  range  of  smooth  burning.  In  certain  cases  It 
was  possible  to  fix  the  damping  of  the  initial  disturbance  on  the 
path  in  ;?-10  mm  and  transition  to  the  normal  rate  of  combustion. 

The  picture  of  combustion  in  this  case  will  be  usual  and  stable, 
and  only  special  methods  (track)  make  it  possible  to  reveal  the 
features  of  combustion.  However,  intensive  ignition  (for  example 
directly  from  an  electric  spiral)  initiates  the  disturbed  combustion 
of  tlie  liquid.  As  a rule,  but  not  always,  pulsations  of  flame 
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appear,  the  average  rate  of  combustion  increases  maximally  by  2-^ 
times . Observations  from  the  end  through  the  layer  of  liquid 
[178]  prove  the  existence  of  the  different  modes  of  vibrations  of 
the  surface. 

3.  Range  of  developed  turbulent  combustion  (supercritical 
area)  . For  this  mode  of  combustion  are  characteristic  first  of 
all  very  high  rates  of  combustion,  a diffuse  front  of  combustion, 
fine-scale  flame-generated  turbulence.  Near  the  limit  the 
dependence  of  combustion  rate  on  pressure  is  much  more  strongly 
linear.  During  Intense  ignition  the  transition  of  combustion  to 
-explosion  is  feasible. 

Clearly  it  is  not  always  possible  to  isolate  all  the  indicated 
inodes  of  combustion,  since  some  can  be  missing  (areas  1 and  2),  or 
they  can  occupy  a narrow  Interval  of  pressures  or  overlap.  Let  us 
pass  to  the  examination  of  the  indicated  modes  of  combustion. 

Smootli  ilurnlng 

Beginning  from  the  pressure  at  which  the  ignition  of  ZhVV  in 
a container  of  given  diameter  occurs  (it  is  caused  by  thermal 
factors)  and  up  to  a certain  pressure  which  is  different  for 
different  ZhW,  a slow  uniform  combustion  is  observed.  Thus 
according  to  the  data  of  Andreyev  [38],  nitroglycol  at  a diameter 
of  glass  tube  of  3-^  mm  burns  stably  at  pressures  of  more  than 
half  an  atmosphere,  and  with  1 atm  the  rate  is  approximately  2 cm/ 
min.  In  this  case  the  combustion  front  is  even,  the  flame,  as  a 
rule,  is  weakly  luminous,  its  temperature  Is  relatively  low. 
Reactions  In  the  flame  do  not  go  to  the  end,  only  the  most  active 
stages  are  realized.  This  flame  is  called  initial. 

In  proportion  to  the  increase  in  pressure  the  degree  of 
completion  of  the  reactions  of  combustion  increases,  the  temperature 
of  the  flame  Is  increased,  and  at  a certain  considerable  distance 
from  the  surface  a high-temperature  secondary  flame  appears.  The 
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appearance  of  the  secondary  flame  is  not  reflected  either  on  the 
velocity  of  combustion  or  on  its  dependence  on  pressure. 

The  rate  of  the  smooth  burning  of • ZhW  at  a given  pressure, 
as  all  explosives  in  general,  depends  on  the  initial  temperature, 
increasing  with  an  Increase  in  the  latter,  and  also  on  the 
diameter  of  the  container  in  which  the  combustion  takes  place. 

The  influence  of  the  diameter  of  the  container  was  examined  in  a 
number  of  works  [38,  l86,  195],  and  from  different  points  of  view. 
Apparently  one  should  consider  first  of  all  two  phenomena:  the 
influence  of  the  meniscus  of  the  liquid  on  the  true  surface  area 
of  combustion  and  heat  transfer  into  the  liquid  on  the  walls  of 
the  tube  from  the  flame  and  from  the  liquid  through  the  v;alls 
outside  (heat  less).  In  work  [1951,  and  also  [l85],  the  Influence 
of  the  meniscus  was  considered  experimentally,  but  this  did  not 
give  any  interesting  results.  Apparently,  the  most  important  are 
the  effects  of  heat  exchange.  In  this  case  the  heat  transfer  on 
the  walls  from  the  hot  secondary  flame  leads  to  the  heating  of  the 
ZhW  and  an  increase  in  velocity,  but  a decrease  in  the  diameter 
contributes  to  the  strengthening  of  zv.e  effect.  Specifically  by 
this  effect  we  are  inclined  to  explain  the  higher  rate  of  combustion 
of  a number  of  investigated  ZhW  (Pig.  102)  in  containers  of  small 
diameter.  Heat  transfer  outside  is  especially  important  at  low 
rates  of  combustion  with  incomplete  heat  release.  Simultaneously 
an  increase  in  the  diameter  of  the  container  lowers  heat  losses 
from  the  gaseous  phase  and  contributes  to  the  course  of  secondary 
reactions.  It  has  been  experimentally  established  that  an  increase 
in  the  diameter  of  the  container  lowers  the  magnitude  of  pressure 
for  the  appearance  of  the  secondary  flame  [37].  Filming  shows  that 
in  the  range  of  smooth  burning  the  artificial  disturbances  of  the 
hurninr*  surface  of  a ZhW  die  out  rapidly. 


Figure  102.  Influence  of  the  tube 
diameter  on  the  rate  of  smooth  burning 
of  ethyl  nitrate;  1 - d=3.8;  2 - 5i 
3 _ 7;  4 - 3 mm. 


Near-Critical  Range  of  Combustion 

Theory  gives  a stabili -y  criterion,  but  It  cannot  predict  the 

details  of  the  process  near  c-.ie  critical  pressure.  The  tests 

'showed  that  if  during  smooth  burning  the  surface  of  the  liquid 

within  the  limits  of  resolution  of  photogi-aphic  recording  is 

smooth,  then  in  the  near-critical  range  the  picture  of  combustion 

is  substantially  different.  Upon  reaching  of  a certain  rate  of 

combustion  the  surface  of  the  ZhW  begins  to  be  distorted.  It  is 

reproduced  during  photoregistration  by  an  eroded  undulating  line; 

the  flame  at  times  is  approached  at  a high  speed  and  again  thrust 

back,  oi'  it  arrives  in  rotation;  the  rate  of  combustion  increases 

sharply  and  combustion  becomes  nonuniform.  During  a pressure 

Increase  the  blurring  of  the  surface  decreases,  and  the  dimension 

of  Inequalities  decreases.  High-speed  filming  shows  that  the 

process  of  the  emergence  of  flame  pulsations  begins  precisely  from 

the  disturbance  of  the  surface  of  the  liquid.  On  the  basis  of 

observations  of  drops  of  ZhVV  which  move  from  the  surface  into  the 

zone  of  the  flame,  in  work  [177]  the  conclusion  was  made  that  the 

agitation  of  gas  flow  begins  from  the  surface.  Figure  103  shows 

the  frames  of  the  high-speed  filming  of  the  unstable  combustion  of 

nitroglycol  in  a container  with  a rectangular  cross  section  of 
2 

10>:2  mm  . The  liquid  is  seemingly  pumped  from  side  to  side,  and 
over  Its  surface  an  interference  wave  of  less  dimensions  passes. 

The  period  of  the  basic  wave  form  is  -0.2  s.  boon  after  inflam- 
mation the  first  and  second  harmonics  of  such  fluctuations  were 
observed.  Bandwidth,  which  corresponds  to  the  surface  of  the 
liquid,  is  changed,  which  indicates  the  fluctuations  of  the 
surface  in  the  direction  of  the  smaller  dimension  of  the  container, 
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Fin:ure  103.  Frames  from  the  filming 
of  the  combustion  of  nitroglycol  in  a 
container  of  rectangular  cross  section 
2x10  mm:  1 - substance;  2 - surface 

of  liquid;  3 - flame. 


Figure  10^:a  shows  three  half-waves,  which  viere  formed  during  the 
combustion  of  nitroglycol  in  a container  of  rectangular  cross 
section,  while  Fig.  lO^b  gives  a motion-picture  frame  which  shows 
the  shape  of  surface,  characteristic  for  the  combustion  of  liquid 
DINA  and  dlglycoldnitrate . 


Figure  10^.  The  notion-picture  frames  of  the  combustion  of  ZhW: 
a)  nitroglycol,  container  2xio  mm,  three  half-v;aves  on  the  burning 
surface;  b)  motion-picture  frame  of  spin  combustion  (diglycoldi- 
nitrate)  in  a circular  cup;  c)  the  formation  of  a "fountain"  in  the 
center  of  a tube  ( diglycoldlnitrate ) ; d)  the  separation  of  drops 
from  a curved  surface  (ethyl  nitrate,  110  atm). 
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Generally  during  unstable  combustion  several  characteristic  forms 

of  surface  dlstortloris  are  observed.  These  can  be  divided  into 

three  basic  types  [l86,  196,  197], 


1,  The  surface  of  the  burning  liquid  accomplishes  fluctua- 
tions In  a vertical  direction;  into  the  zone  of  the  flame  from 
the  wave  crests  avalanches  of  drops  are  broken  away  and  they  flare 
tip  in  the  flame.  The  secondary  flame  fluctuates,  periodically 
approaches  the  surface  of  liquid  and  draws  back  from  it  (Fig.  105a). 
Energy  for  the  maintaining  of  fluctuations  can  come  both  from  the 
gas  flame  and  from  the  flare-ups  of  drops  ejected  into  the  flame. 

A characteristic  example  of  such  a type  of  distortion  is  given  by 
nitroglycol , 


2.  In  a number  of  cases  in  the  near-critical  range  of 
comhustion  the  surface  of  the  burning  liquid  begins  to  accomplish 
a spin  motion,  "/hen  the  flame  as  if  "screwed  itself"  into  a column 
of  IhVV  v.'.'iiori  is  absorbed  by  the  rotating  surface.  A surface  of  j 

f.hVV  appears  wtilch  is  arranged  almost  pai-allel  to  the  normal  I 

direction  of  movement  of  the  combustion  products.  From  this 
surface  into  the  flame  the  drops  of  liquid  broken  away  by  the  gas  1 

flow  are  ejected  (Fig.  104,  105).  Typical  examples  of  this  form  i 

of  combustion  are  given  by  diglycoldlnitrate , supercooled  DINA,  and 
some  mixtures  on  a base  of  nitric  acid.  It  is  Interesting  to  note  ; 

that  with  low  mobility  of  ZhW  (thickened  nitroglycerin,  according  J 

to  Andreyev)  tne  spiral  pitch  described  by  the  flame  can  be  = 

considerably  greater  than  the  diameter  of  the  container  and 
comparable  with  tiie  height  of  the  column  of  ZhVV.  In  such  cases, 
as  a rule,  an  explosion  appears  (see  § ^8). 


The  spin  state  of  motion  of  the  burning  surface  of  the  liquid, 
according  to  observations  [186],  never  converts  to  oscillatory 
conditions,  whereas  the  reverse  version  is  feasible.  According  to 
the  observations  of  Chuyko,  by  the  use  of  different  foi’ms  of 
ignition  of  diglycoldlnitrate  it  is  possible  to  obtain  both  a 
simple  and  a "two-headed"  spi/i,  when  the  flame  is  divided  off  into 
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two  rotating  [spins]. 

3.  Tlie  third  type  of  piienomena  was  described  by  Whittacker 
_X193]  as  tlie  formation  of  "filaments"  of  liquid,  heaving  upward  on 
the  wall  of  the  tube,  when  the  surface  accomplishes  wave  motion 
and  pumps  liquid  on  the  filaments  into  the  zone  of  the  flame, 
Maksimov  and  Bayrash  [196]  observed,  apparently,  this  same  mode  of 
combustion  and  called  it  spouting.  The  difference  of  their  data 
from  the  observations  of  Whittacker  is  in  the  absence  of  the 
arrarent  movement  of  the  surface  of  the  liquid,  and  also  in  the 
fact  tb,at  the  liquid  heaved  upward  in  the  center  of  the  container 
ana  not  on  the  wall  (see  Fig.  lO^c).  In  both  cases  as  a result  of 
tho  do.'.truction  of  the  liquid  jet  into  tiie  zone  of  the  flame  a 
large  mass  of  drops  v;as  ejected  and  its  accelerated  combustion 
ensured  a birli  r'ate  of  combustion.  Tn  work  [166]  the  transition 
to  t.be  "spouting"  mode  of  combustion  was  observed  at  elevated 
prossuros , aftei’  spin  motion  ceased,  while  in  work  [196]  - after 
th.o  o:’C  lllatory  process. 


All  the  investip'ators  come  to  the  conclusion  that  in  essence 
the  observed  increase  in  the  rate  of  combustion  in  the  near- 
critical  range  is  connected  v>rith  the  development  of  the  burning 
surface.  In  accordance  with  estimation  (see  § 38),  the  excess  of 
t!.c  observed  rate  of  L,ombustlon  above  the  value  obtained  by  the 
extrapolation  of  data  on  slow  combustion  on  the  near-critical  range 
is  times.  The  disturbances  introduced  by  inflammation  die  out 

in  tiic  pi'ecrltlcal  range  slowly.  As  a result  errors  are  possible 
wlion  the  initial  (connected  with,  ignition)  fluctuation  of  the 
surfac-;  is  accepted  as  natural,  v;hlch  is  especially  difficult  to 
distinguish  at  low  heights  of  charges  and  intensive  igniting 
pulses.  P’igure  105e  gives  the  phototrace  of  the  combustion  of 
nitromethane  in  the  near-critical  area,  which  Illustrates  this 
po.sition.  T.be  oscillatory  state  of  motion  of  tiie  surface  which 
emerge.",  from  the  igniting  spii'al  die.s  out  after  a certain  time 
(mainly  because  of  a reduction  of  oscillation  amplitude,  but  not 
an  increase  in  their  frequency),  and  smooth  burning  is  established. 
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The  influence  of  the  diameter  of  the  container  on  the 
phenomena  which  take  place  in  the  near-critical  area  of  combustion 
can  be  illustrated  in  an  example  of  nitroglycol  and  ethyl  nitrate 
(see  Fir;.  113)  [38,  197].  An  Increase  in  the  diameter  of  the 
container  leads  to  an  Increase  in  the  rate  of  combustion,  which 
's  expressed  especially  clearly  in  nitrop;lycol . 

A detailed  study  of  the  transient  area  showed  [38,  197]  that 
the  transition  from  straight  line  u(p)  for  smooth  burning,  to  the 
straight  line  of  developed  turbulent  combustion  occurs  on  a 
complex  curve.  As  a rule  the  spread  of  the  experimental  data 
here  is  meat.  For  nitrorlycol , nltrorlycerin , and  DIMA  the 
rates  In  tiils;  area  are  rreater  than  this  v;ould  correspond  to  the 
strai'h.t  line  of  turbulent  combustion;  for  diglycoldinitrate , 
nit romethane , and  et'Siyl  nitrate  in  narrow  tubes  (^^-5  rnm.)  it  proves 
to  be  somev.'hat  lower.  Among  the  mixtures  on  a base  of  nitric  acid 
both  ‘’orms  of  transient  derendence  are  encountered.  According  to 
Andreyev  [3‘']j  these  features  are  apparently  connected  with  the 
d . il  influence  of  turbulence  on  ccmibusticn:  destroying  the 

thoroughly  wairned  layer,  it  impedes  combustion  and  can  even  lead 
to  its  fading.  On  the  other  iiand , increasing  the  contact  surface 
between  the  gaseous  combustion  products  and  the  liquid,  turbulence 
can  accelerate  combustion.  This  leads  to  the  appearance  of  very 
interesting  effects.  Thus  in  the  experiments  of  Andreyev  and 
Bespalov  [1991  a considerable  (?-3  times)  increase  was  revealed 
In  tb.(^  critical  diameter  of  combustion  d of  gelatinized 
ni.tror'lycorln  (3.2-57)  upon  transition  to  the  excited  mode  of 
ccmbustion.  The  greater  the  viscosity  of  gelatin,  the  more  weakly 
the  increase  d,,.  is  expressed.  In  the  case  of  nitroglycol  the 
picture  wos  not  as  sharp,  although  in  the  beginning  of  the  near- 
critical  area  trie  fading  of  combustion  was  frequently  observed 
with  diameters  greater  than  usual  by  several  times. 

l!'i  lirht  of  the  possible  el’fect  of  the  disturbances  of  the 
burning  surface  on  the  process  of  combustion  (especially  near  the 
limit)  there  is  no  lack  of  interest  in  the  attempt  to  connect  with 
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this  effect  some  facts  which  are  still  lacking  their  own 
Interpretation. 

In  the  works  of  Whlttacker,  et  al.  [186,  198]  It  was  revealed 
that  on  the  curves  of  u (/«)  of  the  mixtures  of  nitric  acid  with  a 
number  of  organic  combustibles  (2-nltropropane , etc.)  a "Jump"  of 
dependence  Is  observed  at  a certain  pressure  (Fig.  106),  If  the 
diameter  of  the  tube  In  which  the  ZhW  Is  Ignited  was  small  (3-^ 
mm).  V/lth  an  Increase  In  the  diameter  of  the  tube  (5,  6 and  8 mm) 
the  ’’Jump"  disappears,  but  dependence  u(p)  In  a smooth  manner 
continues  the  curve  for  pressures  higher  than  the  point  of  "Jump." 
The  introduction  of  0.5?  of  polymethyl  methacrylate  as  thickener 
for  the  system  led  to  the  disappearance  of  Jump  and  Increased  the 
temperature  of  the  surface  by  -^0®C.  In  spite  of  the  scalene 
experiments,  the  authors  of  [136,  198]  could  only  conclude  that  at 
the  point  of  "Jump"  some  change  in  the  mechanism  of  combustion 
occurs  which  is  not  described  by  the  existing  theories  of 
comousticn. 


■ c mi/  3 


Figure  106.  Dependence  of  the  rate  of 
combustion  of  mixture  ZhW  on  pressure 
[l86]:  1 - nitric  acid  (99?)  - nitro- 
ethane;  2 - nitric  acid  (99?)  - nitro- 
methane;  3 - nitric  acid  (95?)  - 
nitroprcpane . 


Later  a v;hole  series  of  works  was  published  on  the  combustion 

.r  :,.virazine  (see  survey  in  the  book  [38]).  According  to  Antoine 

[200],  in  an  interval  of  pressures  1-1^  atm  the  rate  of  combustion 

of  hydrazine  of  lOOSS  concentration  In  a cup  5-6  mm  in  diameter 

- 0 

answers  to  the  equation  u^=0.02op  * mm/s . At  pressures  above  14 
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atm  the  rate  of  combustion  is  proportional  first  to  pressure  in 
degree  of  0.75,  and  then  of  the  first  degree.  In  proportion  to 
the  Increase  In  the  diameter  of  the  cup  the  area  of  combustion 
with  dependence  ~ ;,".5  Is  narrowed,  and  at  a diameter  equal  to 
12.7  "im  tlie  transition  to  the  curve  (Fig.  107)  occurs  at  ^ atm. 

«,,cn/5  _ - 

Figure  107.  Dependence  of  the  rate  of 
combustion  of  hydrazine  on  pressure  and 
diameter  of  the  container  [200];  1 - 

d=^  mm;  2 - d=12.7  mm. 

^ 8 iO  2 >ip, atm 

Antoine  does  not  find  a satisfactory  explanation  for  the 
onenomenon,  although  he  notes  a certain  change  in  the  nature  of 
brightness  of  the  flame  and  its  intensity  (lowered  brightness  of 
ra.iiatlon  of  th.e  flame  in  the  range  of  combustion  up  to  the  "Jump" 
cf  the  curve).  He  also  observes  a xvcak  turbulence  of  the  surface 
and  indicate:;  that  despite  the  fact  that  as  a whole  the  combustion 
via:-  stationar'y,  the  points  of  surface  described  a spiral  in 
proportion  to  the  combustion  of  the  substance. 

Lot  us  discuss  the  data  of  [19^,  200],  on  the  strength  of 
the  results  in  § 39.  During  the  combustion  of  a low-viscosity 
liquid  the  maximum  amplitude  of  disturbance  which  can  be  created 
b;,'  tiic  process  of  combustion  (lower  than  the  stability  limit 
accoi’ding  to  Landau)  is  determined  as  the  height  of  the  liquid 
column,  whlcli  balances  the  dynamic  pressure  of  the  ebbing 
conbustion  products  (see  § 38): 

It  Is  obvious  that  disturbances  of  amplitude  greater  than  s,-,  cannot 
arise.  If  an  amplitude  is  of  an  oi’der  and  less  than  £o.  then 
combustion  can  support  this  disturbance.  For  this  it  is  necessary 
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to  create  a non-univarlate  nature  of  flow  of  combustion  products 
at  the  burning  surface,  which  Is  not  an  exceptional  phenomenon. 
Further,  according  to  § 39j  at  a thickness  of  the  combustion  zone 
7 greater  than  Cq,  the  disturbance  will  reflect  on  the  rate  of 
combustion.  Since  then  condition  7 answer’s  to  a rate 

of  combustion: 


(106) 

Thus  at  a rate  of  combustion  »/,  ;>  ,/*  the  "natural"  disturbances  of 
a burning  surface  are  able  to  change  the  rate  of  combustion. 

Ttie  phenomenon  of  the  fading  out  of  combustion  during  the 
emergence  of  pulsations  of  the  flame  is  observed,  in  particular, 
during  the  combustion  of  nitroglycerin  and  liquid  (95°C)  PET"  ■ 
the  dependence  u(p)  for  methyl  nitrate  undergoes  a fracture  with 
displacement  (Fig.  108),  according  to  Andreyev  [37],  and  also  for 
a number  of  other  both  liquid  and  solid  melting  substances , Not 
excluding  the  possi’.  ility  of  other  Interpretations  which,  in 
particular,  for  nitroglycerin  and  PETN  ai'e  presented  extensively 
in  Andreyev's  monograph  [38],  we  compare  the  experimental  and 
calculation  data  for  these  substances.  Table  21  gives  the 
experimental  values  of  the  rates  of  combustion  and  pressure  which 
correspond  to  the  fracture  of  the  curve  u^  {p),  and  for  nitroglycerin 
and  PETN  - to  the  end  of  burning.  For  a convenience  the  values 
of  magnitude  n _ compared,  wliich  according  to  formula 

(10b)  depends  only  on  the  thermophysical  characteristics  of  the 
combustion  of  substances.  In  this  case  it  turns  out  that  in  the 
cases  of  mixtures  on  a base  of  nitric  acid,  PETN  and  hydrazine  In 
a container  12.7  mm  in  diameter  coincidence  of  experiment  and 
estimation  is  observed.  For  the  agreement  of  data  on  nitroglycerin 
it  is  required  to  consider  that  at  atm  the  temperature  of 

combustion  products  is  somewhat  lowered,  and  their  composition  is 
shifted  to  the  side  of  the  formation  of  higher  molecular  fragments. 
If  we  lead  the  resulting  density  of  combustion  products  to  1 atm, 


f'*  = or 
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Figure  108.  Dependence  u(p)  for  methyl 
nitrate,  d=5  mm.  Data  from  [38]  (to  p=2 
atrn)  and  [206].  


Table  21.  Determination  of  the  position  of 
the  point  of  emergence  of  pulsations. 


Substance  j 

j Experiment 

fat5.-n 

Litora- 

tUl'G 

! - 

1 

1 

! 

J>. 

Hydi'a7.ine(d=ia.7  mm) 

4 

0,05 

0,053 

0,050 

pooj 

Nitric  acid  - 2-nltro- 
rr-pane 

10 

i 

0.1G3 

0,0035 

0,0095 

tisij 

Nitric  30 id  - 
ultrcethane 

30  i 

0.22 

0,0707 

0,0707 

lUs] 

Nitric  acid  - dioxane 

0.10 

0,0805 

0,0805 

PKT!J  j 

1 1 

0,047 

0,047 

0,051 

IW) 

then  It  must  comprise  -^.3*10  ^ g/cm^  in  comparison  with  that 
experimentally  determined  by  combustion  at  1 atm  of  a value  of 
order  2.1«10^  g/cm^  [30]. 

i he  appearance  of  pulsations  at  moment  6u  ^ can  be  presented 
In  the  following  form.  Wlth?«<C/  the  disturbances  lie  within  the 
combustion  zone  (heated  layer)  and  do  not  cause  substantial 
changes  in  the  rate  of  combustion.  With  together  with  the 

disturbance  of  the  surface  there  is  a sagging  In  the  zone  of  the 
gas-phase  reaction  and  the  rate  of  combustion  Increases  proportion- 
al to  the  Increase  in  the  surface.  The  most  powerful  effect  one 
should  expect  with  I lo<  when  the  destruction  of  the  heated  layer 
can  lead  to  the  dying  out  of  combustion,  which  also  Is  observed 
in  the  case  of  nitroglycerin. 
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Limiting  Conditions  of  Smooth  Burning 


Until  recently,  following  K.  K.  Andreyev's  basic  works  in 
tills  area,  the  near-critical  area  of  combustion  isolated  by  us 
was  related  to  true  turbulent  combustion,  i.e.,  as  the  maximum 
velocity  of  smootli  burning  a velocity  was  accepted’,  above  wliich 
pulsations  of  flame  and  other  unstable  phenomena  were  observed. 

In  light  of  the  considerations  given  above  and  also  of  the  experi- 
mental data,  which  show  the  existence  of  an  area  of  metastable 
combustion  appearing  in  the  absence  of  forcing  disturbances  of 
the  surface  of  the  liquid,  it  was  Justified  to  conduct  a finer 
scraration  of  combustion  behavior.  One  should  Isolate  tl:e 
precritlcal  mode  (artificial  oscillations  of  the  surface  die  out) 
and  near  .upei'C2’itlcal,  wliere  the  disturbances  of  surface  increase 
from  infinitesimal,  and  their  decay  is  caused  by  nonlinear 
effects.  Virtually  this  separation  according  to  the  available 
oxpei'imental  data  can  be  made  only  sometimes,  since  the  bulk  of 
information  is  obtained  under  conditions  when  there  v/as  pov;erful 
Initial  disturbance. 

In  accordance  with  theory,  the  critical  point  will  be  that 
rate  of  combustion,  higher  than  which  oscillations  are  absent,  and 
only  an  increase  of  disturbances  in  amplitude  occurs.  Experimen- 
tally this  point  must  be  determined  under  conditions  which 
eliminate  tue  influence  of  artificial  disturbances.  The  process 
which  corresponds  to  combustion  in  the  supercritical  area  is 
characterized  by  a powerful  and  raonotonlc  dependence  of  rate  of 
combustion  on  pressure  (at  least  close  to  the  limit),  and  the 
precrltlcal  area  couples  it  with  the  area  of  dependence  of  slow 
combustion  on  pressure.  This  fact  in  conjunction  with  the 
photoregistration  of  combustion  makes  it  possible  to  find  the 
critical  point  with  sufficient  certainty. 

From  the  aforesaid  it  follows  that  the  result  of  the  experi- 
ment in  the  near-critical  range  depends  strongly  on  the  method 
of  investigation  and  first  of  all  on  the  dimension  of  the  initial 
disturbance.  Figure  105f  shows  the  phototrace  of  the  combustion 
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of  nitroglycol  In  a manometer  bomb.  Ignition  was  conducted  at 
1 atm,  when  the  distui’bance  of  the  surface  dies  out  rapidly  and 
pressure  rises  slowly  because  of  accumulation  in  volume  of  the 
con.bustJon  products  of  ZhVV.  With  this  setting  of  the  experiment 
the  normal  burning  surface  is  retained  In  a considerable  part  of 
tlie  range  of  pressures,  where  with  the  standard  test  variant 
excited  combustion  occurs.  Thus  in  this  case  the  pulsations  of 
the  surface  rose  at  -.19  atm,  whereas  according  to  [37]  with  the 
usual  method  of  experimentation  they  were  already  noted  at  -13  atm. 
Analogous  observations  are  made  in  work  [l86].  By  the  use  of 
the  method  of  inflammation  through  the  layer  of  slow-burning 
liquid  (ethyl  niti’ate)  it  was  possible  here  to  obtain  smooth 
burning  in  the  area  where  sharp  Inflammation  causes  oscillatory 
combustion  beliavior.  In  this  case  the  rates  of  combustion  lied  on 
a continuation  of  curve  u(p),  obtained  by  the  extrapolation  of 
data  on  smooth  burning  in  the  range  of  precritlcal  pressures. 

For  low-viscosity  ZhVV  the  critical  pressure  p^ , at  which  the 
sel f-turbulenco  of  combustion  begins  under  conditions  of  the 
experiments  at  a constant  pressure,  when  there  are  finite 
disturbances  caused  by  the  ignition  process,  differs  little  (by 
20-30:3)  from  the  critical  pressure  P»p*  obtained  under  conditions 
of  combustion  in  a manometer  bomb  when  there  are  only  infinitesimal 
random  disturbances.  This  result  shows  that  the  conditions  of 
stability  of  combustion  of  low-viscosity  liquids  are  virtually 
identical  for  infinitesimal  and  finite  disturbances.  Consequently, 
the  conclusions  of  the  theory,  obtained  for  infinitesimal  distur- 
bances, are  suitable  for  the  evaluation  of  combustion  stability  to 
finite  disturbances. 

According  to  experiments  on  nitroglycol  the  time,  during  which 
in  our  experiments  in  a manometer  bomb  the  pressure  rose  from  p^^  to 
!>:■■[<■  was  from  0.2  to  ~1  s (cups  7 mm  in  diameter).  Calculation  time 
of  the  development  of  disturbances  (see  Table  20)  with  n=l.l 
comprises  approximately  0.2  s.  In  another  series  of  experiments 
wo  attempted  to  determine  the  time  of  development  of  disturbances 
under  conditions  of  combustion  under  constant  pressure.  For  this 
the  inflammation  of  nitroglycol  was  done  through  a layer  of  ethyl 
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nitrate  which  as  carefully  as  possible  was  poured  on  the  surface 
of  the  investigated  explosives.  The  basic  difficulty  here 
consisted  of  the  account  of  the  burnout  of  the  boundary  layer  of 
the  mixture  of  nitroglycol  and  ethyl  nitrate.  It  was  possible  to 
establish  that  experimental  times  of  development  of  instability 
are  approximately  3-7  times  greater  than  calculated,  and  the  nature 
of  their  change  depending  on  n will  agree  with  theoretical. 

The  influence  of  the  diameter  of  the  container  on  the  value 
of  the  ultimate  pressure  of  smooth  burning  was  investigated  in  an 
example  of  nitroglycol  [1/8 J.  In  Pig.  109  the  points  are 
expei'imental , the  curve  is  constructed  according  to  equation  (8?) 
foi’  a round  container. 

f , aim 

Figui’e  109.  Influence  of  the  diameter  of 
the  cup  on  the  ultimate  pressure  of  the 
smooth  burning  of  nitroglycol. 

■)  o’  d,  mm 


During  the  study  of  the  combustion  of  ethyl  nitrate  in  cups 
3,  8,  5 and  7 mm  in  diameter  maximum  velocities  0.55,  0.5,  and  0.^5 
cm/s  were  achieved  respectively  at  a pressure  of  82-85  atm. 

Similar  results  are  obtained  for  dlgly coldinltrate : in  cups  of 

the  same  diameters  tiie  maximum  velocities  were  equal  to  from  0,7 
to  0.6  cm/s,  and  pressure  52-60  atm.  It  is  doubtless  that  the 
Influence  of  side  effects  (heat  transfer  on  the  walls  of  the  cup, 
heat  loss  outside,  etc.)  for  slowl\  burning  substances  with  a 
relatively  low  combustion  temperature,  which  are  ethyl  nitrate 
and  dlglycoldinitrate , turn  out  to  be  much  more  significant  than 
for  nitroglycol.  Moreover  for  the  indicated  two  substances  the 
critical  velocity  is  reached,  appai'Gntly,  at  pressures  higher  than 
the  critical  thermodynamic,  which  complicates  the  picture  even  more. 
In  work  [l86]  during  transition  from  a round  container  with  a 
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diameter  of  3.7  mm  to  plane  with  a section  10x1  mm  the  ultimate 
pressure  of  smooth  burning  decreased  more  strongly  than  the  size 
: of  the  container  decreased  (10/3-7  times),  which  is  logical  to 

connect  with  the  strengthening  of  heat  transfer  from  flame  on  the 
wall;>  of  the  container  and  the  overheating  of  substance  which  was 
.^onne c t ed  with  this.  - - 

; The  influence  of  initial  temperature  on  the  limit  of  smooth 

7 '“‘I'urning  of  nitroglycol  [201]  proved  to  be  in  agreement  with  theory. 

At  a pressure  of  12.3  atm  the  transition  answers  to  the  rate  of 

combustion  of  0.6^5  g/cm  s and  a temperature  of  ZhW  equal  to  4?°C. 

/■.  rreocure  cf  17-5  atm  is  sufficient  for  transition  to  turbulent 

2 

c o:;u  :stion  at  v/liich  answers  to  a rate  of  0.75  g/cm  s.  In 

accordance  with  equation  (80)  the  relationship  ‘ 

ta'Kr;.-  ;::lace.  In  this  case  C*  is  equal  to  O.lS^J  and  0.179  units 
respectively . 

Let  U3  examine  the  question  concerning  the  conformity  of  the 
experimental  and  calculated  critical  conditions  of  smooth  burning. 
T!.l,'  comparioon  for  some  sut  stances  has  already  been  made  in 
Andreyev's  monograph  [38]  and  it  was  shown  that  in  a i.i  mber  of 
cases  very  satisfactory  accord  is  observed  betv’een  . th; -pry  and  these 
experiments.  Let  us  make  a supplementary  comparison  of  the  values, 
which  characterize  the  limiting  conditions  of  smooth  burning, 
wiiereir  n for  a number  of  invlscld  substances,  which  have  a high 
value  of  critical  pressure  [apparently  exceeding  the  critical 
cai'idltlons  also  for  the  formula  of  Levich  (93)  (Table  22)].  For 
the  comparison  we  utilize  value  t'*''’  -- /■;.=,  the  value  of  which 
according  t(j  Landau's  theory  we  designate  Cj,  and  according  to  the 
f tneory  of  Levich  - p7. 

I 

i 

I In  Table  22  pressure  is  given  in  atmospheres,  - in  grams 

2 

per  1 cm  in  1 s . The  following  abbreviations  are  accepted: 

:iGL  [Hr/I  - nitroglycol] ; MTN  [/,TH  - methyl  nitrate];  DGDN 

[;i.r;hi  - dlglycoldlnltrate] ; ETH  [3TH  - ethyl  nitrate];  NM 

[II 'I  - nitromethane] ; TEGDN  [T3r]],H  - triethyleneglycoldinitrate] ; 
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Table  22,  The  limiting  conditions  of  smooth 
burning  of  inviscid  ZhW. 


Substance 

Bscperlawnt 

Calculation 

litera' 

ture 

p. 

i 

c»- 

• 

c,  1 

• 

c. 

1 

20*-C, 

19 

|o.3 

0.2 

0.18 

0,07 

[3.SJ 

nr.i.  2.VC.  ju. 

17.5 

0.75 

0.18 

0.18 

0,07 

1201] 

lir.l,  •'.7'C.  dm, A MM 

12,3 

0.C3 

0.18 

0,18 

(0,00) 

pan 

Mi  H.  W C 

1 

0.2 

0.2 

(0.2) 

(0,0G) 

(30J 

VMM.  20* C 

1,75 

0.32 

0.24 

0,28 

0,07 

(Ml 

;\vp,n.d^SMM 

85 

t.38 

0.15 

0,32 

0,15 

[1«J 

OTfl.  d,m7  MM 

IIS 

0.67 

0.0C3 

0,23 

0,06 

nOTj 

MM.  dm.8M 

185 

0,58 

O.O.'J? 

0.24 

0,037 

(I> 

DINA 

Si 

1.11 

0.1.36 

(0,2f.) 

(0,14) 

(2) 

Tbr;ui 

50 

1 

0.14 

(0.3) 

(0.15) 

fill] 

.')Tn/;ir;ui  (i : i) 

115 

1.11 

0.12 

0,29 

0,f>87 

(107) 

72 

1.1.3 

0.17 

(0.2) 

(0,29) 

(3SJ 

TMM  u-  benzene 

4.2 

o.:a5 

0.19 

(0.2) 

(0.07) 

Ptj) 

TilM  + Hi;  (3:2) 

3 

0.28 

! o.ia 

! (0.2) 

(0.07) 

(1) 

PETN.  100*  C 

8.2 

0.10 

(0.2) 

(0.15) 

r») 

nvn 

1,38 

o.2>; 

0.252 

0,33 

0..3 

(«!»] 

DNGTs  [ilHru  - dinitroglycerin];  TMM  CTHM  - tetranitromethane] ; 

NB  [H5  - nitrobenzene],  (1)  the  results  of  the  authors;  (2)  A.  P. 
Glazkova's  data  on  supercooled  substance  [222],  in  the  calculation 
of  cl  a viscosity  of  30  cp  is  accepted.  Numbers  in  brackets  are 
rough  estimate.  For  NGTs  [Hri4  - nitroglycerin]  p,|  is  accepted 
according  to  the  data  of  [199]  and  corresponds  to  the  limit  of 
smooth  burning  under  conditions  of  slowly  increasing  pressure. 

The  rate  of  combustion  of  NGTs  is  calculated  according  to  the 
equation  ^ O.t’.'i  g/cm^*s. 


Table  ?.3  depicts  the  results  of  the  processing  of  data  from 
[l86,  198]  on  the  combustion  of  mixture  ZhW  on  a base  of  nitric 
acid.  In  view  of  the  absence  of  those  constants  necessary  for  the 
calculation  only  the  value  Co,  constructed  according  to 

exoerimental  data  is  given.  If  we  accept  n=l  cp,  a=l6  dyn/cm 
(nitric  acid),  then  calculated  C^=0.1o  units,  and  C^=0.o6  units. 

The  comparison  of  the  data  of  Table  22  and  23  with  theory  is 

done  conveniently  based  on  the  values  of  relation  During 

* 

the  calculation  of  coefficient  it  proves  to  be  (§  32)  on  the 
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Table  23.  The  limiting  conditions  of 
smooth  burning  of  mixtures  of  nitric 
acid  and  a combustible  [186,  198]. 


Combustible 

«HKO, 

c^s 

1 

c,. 

Nitro methane 

99 

o.c 

S5 

0 

Nitroethane 

99 

0,71 

97 

0.0T-: 

1-nltropropane 

99 

0,C8 

S3 

0/73 

2-nttropropane  +0.3^ 
tucite 

99 

0,<57  ; 

Dloxane 

99 

o.co  : r. 

Isobutyric  add 

99 

0,0  i S-» 

2-nltropropane 

100 

1.3  ! 

5t> 

O.lT'i 

• 

97 

0,7  : 

(59 

» 

95 

0.7  1 T-; 

o.o-;. 

* 

90 

o.r.3  ■ 

C 1 

O.Oj.i 

order  of  0.12-0.3  units,  v/hereas  coefficient  C2  is  ea/’al  to  (§  33) 
O.03-O.20  units.  Comparing  these  values  wli:h  those  experimentally 

found,  we  see  that  if  pjj  is  more  than  50  atm,  then  the  experiment 

« * 

will  agree  better  v;ith  C_,  but  with  small  p,-  value  C is  nearer 
* * 

to  C^.  This  fact  serves  as  confirmation  of  the  considerations 
developed  in  § 3^,  namely;  with  p,|  larger  than  critical  thermo- 
dynamic for  a e:iven  liquid,  v;hen  surface  tension  decreases,  the 
stabilizing  role  gradually  transfer’s  to  iscosifcy  forces.  At  low 
pressures  the  flame  stabilization  is  connected  mainly  with  the 
action  of  the  forces  of  surface  tension. 

Further  confirmation  of  the  Landau- Levich  theory  was  obtained 
in  exp  jriments  on  combustion  under  conditions  when  the  value  of 

2 

the  overloads  acting  on  the  liquid  changed,  i.e.,  with  gV9.8  m/s  . 
Initially  the  experiment  [197]  was  set  up  on  the  combustion  of 
nitroglycol  under  conditions  of  free  drop  (g=0)  at  1 atm.  It  was 
established  that  in  a container  5 mm  in  diameter  the  agitation  of 
combustion  did  not  occur.  Comparison  with  theory  showed  [177] 
that  the  -flame  stabilization  was  ensured  in  these  experiments 
because  of  che  small  diameter  of  the  container.  For  -development 
of  instability  combustion  must  flow  in  a container  with  a diameter 
on  the  order  of  1 m.  Earlier  it  has  already  been  Indicated  [37] 
that  the  checking  of  Landau’s  theory  was  possible  also  by  means  of 
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setting  up  tests  with  111/3“^,  i.e.,  under  conditions  of 

overloads.  Such  tests  were  carried  out  Ordzhonikidze,  Margolin 
and  Pokhil  [1'02].  Nltroglycol  was  used;  combustion  was  conducted 
in  a test  tube  5-5  mm  in  diameter.  With  g’=g,  i.e.  under  normal 
conditions,  was  equal  to  12  atm.  During  combustion  under  an 
overload  equal  to  300  g,  the  nltroglycol  burned  stably  in  the 
entire  investigated  Interval  of  pressures  (to  140  atm).  The  rate 
of  combustion  corresponded  to  values  obtained  by  the  extrapolation 
of  the  curve  of  slow  combustion  at  pressures  below  12  atm  under 
normal  conditions,  and  at  1^0  atm  it  was  3-3  cm/s.  The  calculation 
according  to  Landau's  theory  [equation  (80)]  shows  that  with  300  g 

the  transition  to  turbulent  mode  should  be  expected  at  ~250  atm,^ , 

Tn  accordance  with  theory  (see  Table  20)  it  turned  out  that 

V*  ~ Vs- 
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Combustion  of  Liquid  Explosives 
(ZhVV)  [WEB]  Beyond  Stability 
L.Lr.it 


Tlie  combustion  of  ZhVV  beyond  stability  limit  is  characterized 
■first  of  all  by  the  high  velocities  of  the  propagation  of  the 
process,  by  the  strong  dependence  of  rate  of  combustion  on  pressure 
as  a rule,  the  diameter  of  the  container  in  which  the  combustion 
is  conducted  substantially  affects  the  rate  of  combustion. 

Figures  110,  111  as  an  illustration  give  the  curves  of  u(p) 
for  several  liquid  explosives  and  mixtures.  The  typical  rates 
of  combustion  are  from  1 to  100  cm/s,  while  the  index  v,  as  a 
function  u(p)  frequently  proves  to  be  even  more  than  one.  A.  D. 
Margolin  and  V.  H.  Margulls  carried  out  the  processing  of  ex- 
perimental data  in  coordinates  u/u^  - (p/p^f-l)  corresponding  to  the 
theoretical  dependence  (§  h2)  u^(p).  It  proved  to  be  (Fig.  112) 
that  far  from  the  limit  (n>5)  the  dependence  of  the  i‘ate  of  tur- 
bulent combustion  on  pressure  agrees  with  the  predictions  of  trie 
theory. 

The  effect  of  the  diameter  of  the  container  d on  the  rate 
of  turbulent  combustion  near  the  limit  is  Illustrated  In  Fig.  113> 
which  Is  constructed  according  to  the  data  in  work  [197]  for 
nltroglycol.  In  the  range  of  pressures  20-60  atm  there  occurs 
the  relationship  u^=0 . 15+0 . 032  (p-20 )x (d-1 . 7 ) cm/s  (where  p is 
In  atm  and  d in  mm).  Assuming  that  in  the  turbulent  region  the 
rate  of  combustion  linearly  increases  with  an  increase  in  the 
diameter  of  the  container,  while  in  the  normal  mode  as  a result 
of  the  effect  of  heat  transfer  in  the  walls  of  container  it 
somewhat  decreases,  then  from  Pig.  113  it  follows  that  higher 
than  a pressure  of  20  atm  truly  turbulent  combustion  occurs. 


322 


U,  CUV  s 


Figure  110,  Dependences  u(p)  for  In- 
dividual substances,  a)  nitroglycol, 
d=5  mm  [206];  b)  DINA  (data  of  Glazkova): 

1 - supercooled;  2 - solid;  3 - DINA  with 
addition  of  30%  of  colloxylin  [pyroxylin], 
c)  1 - nitromethane , according  to  the  data 
in  [191]  and  the  authors;  2 - ethylnitrate , 
according  to  data  in  [191]  and  the  authors. 


Figure  111,  Rates  of  combustion  of 
.mixed  ZhVV.  a)  TNM-nitrobenzene  (60- 
d(0),  d=^  mm;  b)  TNM-fcutanol  with  dlf- 
ferent  relationships  of  components  and 
pressures:  1-1  atm;  2-2  atm;  3 - 

^0  a'-m,  current  rates  are  related  to 

the  maximum  value  of  u ; u are 

inax  ’ max 

equal:  at  1 atm  to  0.07,  at  2 atm  -2.6, 

with  ho  atm-iJ2  cm/s. 

[aTa=atm(abs.  )]. 
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Figure  112  Figure  113 

r’igure  112.  Generaliiied  dependence  of  the  rate  of  combustion  of 
ZhVV  In  turbulent  conditions  1 - methyl  nitrate  [191 j 206];  2 - 
nitroglycol  [191,  193,  197,  206];  3 - ethylnitrate  [191,  197]; 

4 - diglycoldinitrate  [197]. 

Figure  113-  The  rate  of  turbulent  combustion  of  nitroglycol 
depending  on  the  diameter  of  beaker  at  constant  pressures, 
i.'umerals  on  curves  designate  pressure  in  atm. 

Ir;  work  [l86],  during  the  study  of  the  combustion  of  ZhVV 
mixtures  on  the  basis  of  nitric  acid  it  was  also  established  that 
in  the  range  of  turbulent  combustion  the  rate  of  combustion  in- 
creases with  an  increase  in  the  diameter  of  the  container.  Further 
more,  it  turned  out  that  in  aluminum  tubes  the  rate  of  combustion 
was  2-3  times  greater  than  in  pyrex  tubes,  and  in  shells  of 
ballistite  powder  the  rates  were  still  higher.  During  the  study 
of  the  combustion  of  nitroglycerin  far  from  the  limit  [191]  the 
rate  of  combustion  increased  as  /d  with  a change  in  the  diameter 
of  the.  container  in  the  Interval  of  from  5 to  9 mm. 

The  effect  of  the  Initial  temperature  on  the  turbulent 
combustion  of  ZhW  was  studied  by  Tereshkin  and  Andreyev  [201]. 
.firiiultaneously  with  a decrease  In  the  pressure  of  the  transition 
to  the  turbulent  combustion  mode  the  dependence  of  the  rate  of 
turbulent  combustion  on  pressure  increases. 
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The  effect  of  the  initial  temperature  weakens  in  proportion 
removal  from  the  limit.  The  process. .ng  of  the  data  of  Tereshkln 
shows  that  if  at  a pressure  of  17-5  atm  the  rate  of  turbulent 
combustion  increases  as  the  absolute  temperature  to  a degree  of 
1.63,  then  with  a pressure  of  53>5  atm  this  degree  decreases 
to  '0.68.  It  is  logical  to  connect  this  fact  with  the  specific 
character  of  the  mechanism  of  turbulent  combustion  of  ZhW : far 

-from  the  limit  of  normal  burning  the  rate  is  determined  mainly 
by  the  energy  of  the  combustion  products,  which  Increases  as  a 
root  square  from  the  final  temperature  of  combustion  [see  equation 
(10^^)], 

In  experiments  with  nltromethane , as  noted  above,  it  is 
possible  to  observe  the  damped  oscillations  of  the  surface  of 
the  liquid.  The  calculated  frequency  of  the  natural  oscillations 
is  equal  to  -15  Hz.  For  the  combustion  of  nltromethane  there  was 
obtained  at  13^  atm  - 12  Hz;  at  155  atm  - 12  Hz;  208  atm  - 2^  Hz. 
These  data  show  that  during  combustion  with  an  increase  of 
pressure  (rate  of  combustion)  the  excitation  of  different  modes  of 
oscillations  is  possible,  which  throws  off  the  rhythm  of  the 
change  in  frequencies  which  were  recorded  in  the  experiments. 

In  several  works  the  attempts  were  made  to  find  the  corre- 
lation between  the  observed  oscillation  frequencies  of  burning 
surface  (and  their  corresponding  flame  pulsations)  under  such 
experimental  conditions  as  pressure,  the  diameter  of  the  con- 
tainer etc. [186,  196].  The  obtained  results  turned  out  to  be 
contradictory.  So,  in  work  [I96]  a drop  in  the  oscillation 
frequency  of  the  surface  of  the  burning  methyl  nitrate  was 
observed  whereas  during  the  study  of  the  combustion  of  a mixture 
of  tetranltromethane  with  nitrobenzene,  taken  in  ratio  60:40  weight 
flame  pulsations  were  observed  with  a constant  frequency  which 
increased  as  a function  of  pressure  as  f'p'^'  In  work  [197], 

the  observation  of  the  combustion  of  nltroglycol  gave  a set  of 


frequencies,  in  which  a tendency  toward  a drop  in  the  period  of 
pulsations  with  an  Increase  In  the  pressure  Is  marked.  It  Is 
very  possible  that  In  these  works  the  authors  recorded  In  different 
ranges  of  combustion  the  parameters  of  different  types  of  periodic 
distortions  of  the  surface  of  the  liquids  which,  as  was  shown 
above  (§  38),  change  differently  as  a function  of  pressure, 

Maximov's  work  [196]  on  the  oscillation  frequencies  of  the  burning 

surface  of  methyl  nitrate  are  described  sufficiently  well  by  the 

expression  f-l/u^^  and  are  related  to  combustion  somewhat  above 
the  critical  point.  During  the  study  of  the  spin  Instability  of 
the  burnitig  surface  between  the  angular  rate  of  rotation  m and 
pressure  by  Andreyev  and  Tereshkin  (using  liquid  trotyl  as  an 
example)  and  work  [l86]  the  dependence  in  the  form  u=a-bp  was  ob- 
served, where  a and  b are  certain  constants.  Thus,  with  pressure 
Increase  the  rotation  frequency  decreases,  and  at  a certain  value 
of  pressure,  the  motion  must  cease,  which  was  also  observed 
experimentally . 

For  a study  of  the  picture  of  the  motion  of  the  surface  of 
combustion , in  woi’k  [177]  the  tracing  method  (introduction  of  dye 
to  the  investigated  substance)  was  used.  Figure  11^  shows 
photographs  of  the  small  tubes  in  which  was  conducted  the  combustion 
of  nitroglycol  with  an  addition  of  0.02%  of  nigroslne  (a  black 
soluble  in  alcohol  organic  dye).  On  the  Internal  walls  of  the  small 
tubes  2.3  mm  in  diameter  (Pig.  ll^a)  after  combustion  20  atm  a track 
remained  in  the  form  of  wavy  spirals,  having  an  approximately 
constant  step.  With  an  increase  in  the  pressure  the  spiral  pitch 
decreases.  So,  with  p=20  atm  it  is  equal  to  mm,  at  22  atm 

it  is  equal  to  -1.4  ram.  The  maximum  length  of  the  wave 

at  20  atm  is  equal  to  -8  mm,  and  at  22  atm  to  ~5  i^m.  Besides 
those  indie uted,  more  short  waves  are  observed.  On  the  wall  of 
a small  tube  4 mm  in  diameter  (Fig,  ll4b)  after  combustion  at 
18  aumi  a track  in  the  form  of  the  complex  entanglement  of  lines, 
resembling  a grid  remained.  The  size  of  the  cell  is  equal  to 
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3>-3  nim.  Such  cells  are  obtained  when  the  wave  amplitude  is 
approximately  equal  to  the  spiral  pitch.  Apparently,  the  ob- 
served tracks  reproduce  the  form  of  the  motion  of  the  flame  and 
reflect  its  Interaction  with  the  flow  of  the  ebbing  vapors  of 
the  explosive. 


The  dimensions  of  the  dis- 
turbances during  unsteady  combus- 
tion can  be  estimated  on  motion- 
picture  frames.  This  estima- 
tion of  the  wavelength  gives 
the  value  2-8  mm  (nitroglycol , 
diglycoldinitrate , nltromethane ) . 
Waves  on  the  order  of  1 mm  long 
are  observed  less  confidently. 
Thus,  the  order  of  value  corre- 
sponds to  the  size  dimensions 
of  the  most  rapidly  growing 
disturbances  predicted  by  the 
theory  (see  Table  19). 

In  light  of  contemporary 
ideas  about  the  stability  of 
the  gas  flow  of  combustion  products,  which  flows  from  the  disturbed 
surface,  the  emergence  of  the  spin  motion  of  the  flame  - surface 
system  reflects  the  result  predicted  by  the  theory.  Actually, 
in  the  case  under  consideration  the  stable  forms  of  motion  are 
either  the  rotating  flow  or  the  circular  vortex. 

Usually  for  observation  of  the  nature  of  the  combustion  of 
ZhVV,  film  is  applied  from  the  side  through  the  transparent  walls 
of  the  container.  In  work  [178]  the  method  was  applied  of  filming 
from  the  end  through  the  layer  of  burning  liquid.  For  this  a 
plane  transparent  bottom  was  attached  to  the  glass  and  the  test 


Figure  114.  Photographs  of 
beakers  after  the  combustion  in 
them  of  nitroglycol  with  the 
addition  of  dye;  a)  d=*2.5  mm, 
p=24  atm;  b)  d=4  mm,  p=l8  atm. 
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tube  was  placed  on  a prism  at  an  angle  of  45°,  through  which 
the  photographing  was  conducted  (see  Pig.  101).  The  entire  assembly 
was  mounted  in  a vessel  of  constant  preasurej  photographing  was 
done  by  a liigh-speed  movie  camera.  Two  substances  were  investi- 
gated - nitroglycol  and  diglycoldlnitrate , for  which  the  critical 
pressures  of  the  emergence  of  unsteady  combi^stlon  were  equal 
I'espoctivoly  to  about  15  and  54  atm  (In  a test  tube  6 mm  in 
— ^diameter).  dlnce  photographing  was  conducted  in  intrinsic  radia- 
tion, the  refraction  of  the  light  on  the  surface  of  liquid  re- 
vealed its  structure.  Figure  115a  shows  typical  frames  (l-].0) 
of  thu  filming  of  the  combustion  in  unstable  conditions.  The 
examination  of  the  motion-picture  frames  shows  that  Fig.  115a  - 
a.  can  be  compared  with  mode  q=l,  s = 0 (one  nodal  diameter;  Pig. 

115a  - 2 with  mode  q=2,  s=0  (two  nodal  diameters).  Other  frames 
correspond  to  the  more  complex  combination  modes.  Frame  1 is 
most  widely  propagated;  this  form  of  disturbance  is  encountered 
in  .il::;ool  all  films  for  both  substances.  The  photographs  obtained 
uuring  the  combustion  of  diglycoldlnitrate  do  not  differ  in 
appearai'ic.;  fi-om  tlie  piiotographs  of  the  combustion  of  nitroglycol. 
:iov;Gvcr,  an  examination  of  the  motion-picture  films  showed  that 
in  this  substance  a rotational  motion  of  the  flame  occurs,  which 
Is  caused  by  tiie  wave  on  the  surface  of  the  liquid  moving  along 
the  circumference  of  the  tube.  In  the  developed  mode  of  unsteady 
combustion,  the  peculiar  process  of  the  complication  of  the  form 
of  the  disturbances  is  observed.  Two  semicircles  appear,  each 
of  which  Is  then  divided  into  halves,  whereupon  the  process  of 
division  is  accelerated,  and  a complex  picture  of  the  combination 
of  the  different  modes  of  motion  is  rapidly  formed.  Figure  115b 
shows  consecutive  frames  of  the  filming  of  this  process  of  di- 
visloii  during  tlie  combustion  of  dlglycolnitrate  under  a pressure 
of  62  atm  in  a tube  6 mm  in  diameter.  Besides  the  noted  modes, 
radial  pulsations  of  the  liquid  are  sometimes  also  observed 
(Fig  115a-5). 
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i-\i3uro  115 . Motion-picture  frames  of  the  surface 
of  ZhVV  during  combustion  beyond  stability  limit, 
a}  different  types  of  surface  structure;  b)  the 
development  of  instability  during  the  combustion 
of  dlglyooldinitrate  (62  atm,  d=6  mm). 


V.o.th  ail  increase  in  pressure  (of  the  rate  of  combustion), 
the  dimeiioions  of  the  separate  elements  of  the  disturbances 
decrease,  and  the  large  nonuniformities  disappear,  which  seemingly 
are  comprised  of  separate  pieces  of  the  picture  of  the  surface. 
Filming  from  the  end  makes  it  possible  to  evaluate  time  of  the 
development  of  the  disturbances.  So,  In  the  case  shown  in 
F.ig.  115,  it  amounted  to  about  15  milliseconds.  The  photographs 
of  the  surface  oi'  the  liquid,  which  burns  in  the  disturbed  mode, 
were  made  under  conditions  wheii  the  velocity  of  propagation  of 
the  combustion  exceeded  the  normal  by  ten  tlmus.  However,  the 
increase  in  the  burning  surface  recorded  in  the  photographs  is 
small,  not  moi-e  than  2-3  times.  Probably  the  surface  visible  in 
some  photographs  is  covered  with  small  waves.  All  the  same,  the 
incr'ease  in  the  rate  of  combustion  of  by  ten  times  in  comparison 
with  the  noi'inal  cannot  be  explained  by  trivial  geometric  reasons. 


11  was  necessary  to  assume  that  the  height  of  the  separate  waves 
was  ten  times  greater  than  the  distance  between  the  waves.  There- 
fore it  may  be  concluded  that  the  agitated  combustion  of  the  liquid 

IS  turbul'inl. 


S Combustion  of  ZhVV  Mixtures 

Homot'oneous  stable  mixtures  of  liquid  components,  such  as 
tetranltromethane  (TNM)  [THM]  and  fuel,  in  many  instances  behave 
analogously  with  Individual  liquid  explosives.  They  can  burn 
In  tne  normal  mode,  which  fluctuates  and  is  turbulent,  the  critical 
conditions  of  the  transition  to  turbulent  conditions  being  de- 
scribed by  Landau’s  theory.  However,  there  are  some  distinctions 
which  appear  with  a specific  coincidence  of  circumstances. 

Most  basic  is  the  effect  of  the  distinction  in  the  volatility 
of  components  and  their  densities,  which  create  the  prerequisite 
for  the  fractional,  nonsimultaneous  depletion  of  the  components. 

In  the  absence  of  reactions  in  the  condensed  phase,  the  rate  of 
combustion  will  depend  on  the  composition  of  the  mixture  in  the 
gaseous  phase.  As  a result  of  the  divisibility  of  vaporisation, 
this  composition  can  differ  significantly  from  the  initial,  which 
occurs  in  the  k-phase. 

If  we  investigate  the  combustion  of  mixtures  of  TNM  at 
1 atm  in  air  with  such  fuels  as  ethyl  ether,  benzene,  acetone, 
etc.,  then  during  the  combustion  of  several  mixtures  depleted  by 
the  oxidizer  at  1 atm  in  tubes  (quartz,  glass,  metal)  the 
followirjg  phenomenon  is  observed.  Initially,  with  ignition  from 
a source  of  moderate  temperature  a small  pale  flame  is  formed 
which  hangs  above  a section  of  the  tube,  corresponding  mainly  to 
tlie  combustion  of  the  fuel  with  air.  The  rate  of  the  dropping  of 
the  level  of  the  liquid  mixture  is  very  low  and  amounts  to 
several  hundredths  of  a millimeter  per  second.  Then  suddenly 
within  tube  appears  a bright  transparent  high-temperature  flame. 
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tho  base  of  which  almost  rests  on  the  surface  of  the  liquid. 

An  Intense  wave  motion  on  the  surface  cf  mixture  occurs  and  the 
rate  of  combustion  Increases  by  more  than  an  order  (photo  of 
Fifj,.  Il6a).  A rapid  fleme  is  formed  as  a result  of  the  combustion 
oi'  the  mixture  of  vapors,  which  almost  corresponds  to  that  which 
was  established  in  the  initial  composition.  The  heating  of  the 
surface  layer  of  the  liquid  directly  from  the  flame,  and  also 
through  the  walls,  which  transmit  heat  from  the  flame,  makes  it 
possible  to  vaporize  at  a sufficient  rate  the  difficult  volatile 
component  (TNM)  as  well.  The  use  of  a powerful  igniter  makes  it 
possible  to  obtain  Immediately  the  node  of  rapid  combustion, 
whereas  low-power  Ignition  leads  to  a two-mode  process.  One 
should  also  to  keep  in  mind  that  the  maximum  speed  of  rapid  com- 
bustion in  normal  (nonturbulent ) conditions  corresponds  approxi- 
mately to  t)ie  sto j chioneti'ic  relationship  of  the  components,  while 
a large;  surplus  of  TNM  makes  the  mixture  noncombus  title . The 
observation  of  tiie  dynamics  of  :he  process  reveals  the  existence 
of  a noar-surface  layer  of  intense  mixing  (the  so-called  "homolaycr" 
[20^0) ) whicli  occupies  the  height  of  an  order  of  one  to  oiie  and 
one-half  diameters  of  the  container.  On  some  mixtures  the 
streams  which  descend  from  tlie  mixing  layer  are  clearly  visible. 
During  the  passage  of  "rapid"  combustion  from  the  walls  of  the 
tube  Inward,  the  waves  which  form  In  tubes  10-30  mm  in  diameter 
cells  on  the  order  of  1-3  mm  in  size  will  move  away  (see  Fig.  Il6b). 
by  introducing  the  heat-conducting  rod  Into  the  liquid,  it  is 
possible  to  accelerate  the  appearance  of  "rapid"  combustion.  If 
we  then  remove  the  rod,  the  combustion  is  continued  in  "rapid" 
conditions . 

In  the  mixing  layer  a rearrangement  of  the  composition  of 
' li'ixture  occurs.  As  a result  of  the  accelerated  consumption 
oi'  tiie  iriore  liighly  volatile  component  (for  example,  in  the  mixture 
of  TNH  with  benzene  the  benzene  departs)  the  ratio  of  the  components 
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Figure  116.  Photo^^raph;  of  the  combustion  of 
mixed  ZhW  at  1 atm:  a)  "slow";  b)  "rapid" 

_mode  of  combustion  of  a mixture  of  TNM  and  

acetone;  c)  cells  on  the  surface  of  the  burning 
mixture  of  TNM-acetone  (d=12  ram). 

clianges.  There  is  simultaneously  a reconstruction  of  the  rate 
of  combustion,  temperature,  etc.  The  thickening  of  the  mixture 
Impedes  convection,  and  the  thickness  of  the  layer  of  mixing 
decreases.  The  intensity  of  the  mixing  depends  on  the  relation- 
ship of  the  de.Tsities  of  the  components.  In  experiments  on  TNM 
and  fuel  the  density  of  the  oxidizer  was  always  liigher  and  the 
volatility  lower.  If  the  density  of  the  fuel  was  higher,  stationary 
- combustion  would  become  impossible  in  view  of  the  accumulation  on 
the  surface  of  the  less  volatile  and  ..ot  independently  combustible 
tetranitremethane . 

The  rearrangement  of  the  composition  of  the  mixture  in  the 
process  of  combustion  is  proven  by  the  following  facts.  During 
combustion  in  the  tube  of  a mixture,  for  example  TNM  with  benzene, 
toward  tiio  end  of  the  combustion,  there  occurs  the  accumulation  of 
a brown  layer  with  a thickness  of  several  millimeters,  which  is 
mainly  Th'H.  In  another  experiment,  a mixture  of  TNM  with  a heptane 
of  a composition,  close  to  stoichiometric,  began  to  burn  at  1 atm 
a rate  on  the  order  of  0.2  mm/s,  and  then  the  rate  gradually 
docroased  and  combustion  was  extinguished,  then  there  still 
remained  lC-1‘3  mm  of  liquid  in  the  test  tube.  Direct  experiments 
.showed  that  the  remaining  mixture  was  not  capable  of  combustion 
as  a result  of  re-enrichment  by  tetranltromethane . 
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The  combustion  mode  of  the  mixtures  is  determined  by  the 
dynamic  equilibrium  between  the  process  of  vaporization  of  the 
components,  the  convective  mixing  In  the  near-surface  layer  and 
the  speed  of  the  reaction  In  the  vapor  phase. 

The  questions  of  combustion  and  transition  to  the  explosion 
of  nii.-.ture  liquid  systems  are  investigated  more  profoundly  and 
comprehensively  In  Gol'binder's  works  [205].  He  gave  considerable 
attention  to  the  process  of  the  rearrangement  of  the  composition 
of  the  mixture  as  a result  of  the  fractional  vaporization  of  the 
c ompcnents , an’  also  to  the  role  of  chemical  factors  (presence  cf 
the  reactions  between  components,  the  formation  of  active  inter- 
Inedlate  compounds,  etc.).  Gol 'binder  indicates  that  the  difference 
u-jtwcijn  the  behavior  of  liquid  mixtures  and  individual  ZhW  is 
not  always  observed,  since  frequently  the  mixtures  form  chemical 
cc::.plexes  in  the  liquid  phase,  either  azeotropes  or  constantly 
evaporatln!'  mixtures.  V/ith  an  increase  in  pressure  the  differences 
i..'.;Co:rie  less  rotlceable,  since  the  change  of  the  composition  of 
liquid  and  vapor  in  the  process  of  combustion  is  Impeded. 

The  mechanism  of  the  transiticr.  of  the  combustion  of  liquid 
mixtures  to  explosion  and  detonation,  according  to  Gol'binder,  in- 
volves the  formation  of  a gas-vapor-drop  suspension  (two-phase 
mixture).  According  to  Andreyev  [38],  this  layer  can  be  stable 
v;iti;  6.  tii.it Kiifss  somewhat  less  than  critical.  The  sharp  acoelera- 
tioii  of  gas  formation  begins  when  the  critical  thickness  of  the 
layer  of  two-phase  suspended  matter,  which  is  found  in  the  gaseous 
ihiuse  above  the  burning  surface  is  exceeded.  Acceleration  can 
be  the  consequence  of  a flash  or  detonation,  or  any  intermediate 
ihode  of  explosion-like  combustion  of  the.  suspension.  Tlie  existence 
of  an  upper  limit  of  the  detonati'/.  of  mixtures,  based  on  pressure. 
Is  ti'eated  In  this  examir. . ;ion  as  tne  consequence  of  a decrease 
j Ui  ti,e  thi'..Kne35  of  the  layer  of  the  two-phase  suspended  matter: 
v/ith  an  increase  in  pressure,  the  dispersion  of  drops  during  the 
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gaseous  pliase  increases,  but  the  full  time  of  their  combustion 
is  also  shortened  which  limits  the  maximum  attainable  thickness 
of  the  layer  of  the  suspension.  This  question  is  discussed  in 
ip.onograph  [38],  where  there  are  references  to  a series  of  works, 

We  also  do  not  examine  the  results  of  investigations  of 
those  3clf-ignlting  liquid  mixtures  which  are  described  and 
discussed  in  the  works  of  Gol'binder  [205]  and  Andreyev  [38]. 

§ 46.  Combustion  of  Viscous  Systems 


The  stabilizing  effect  of  the  thickening  of  liquid  explosives 
ana  systems  is  v/ell  known  and  has  long  been  utilized,  including 
Ir.  tecliiiology . A detailed  discussion  of  many  aspects  of  this 
q^astion  can  I'O  found,  for  example,  in  Andreev's  works  [38,  199]- 
Iti  a qualitative  respect,  tne  effect  of  an  increase  in  viscosity 
corresponds  to  the  predictions  of  tl'.e  theory  of  Levlch  [74]; 
iiowever,  the  quantit '-^live  side  of  the  question  has  been  only 
very  slighitly  studied.  In  Whittaker's  work  [I86]  a mixed  system  (ni- 
tric acid-  2-r.l  tropropane ) was  thickened  by  the  addition  of  the 
iiign  polymer  "lucite."  It  was  established,  that  the  higher  the 
viscosity  oi  the  mixture,  the  higher  the  pressure  (rate  of 
combustion)  at  which  occurs  the  transition  to  the  turbulent 
combustion  mode.  In  this  case  the  critical  pressure  Increased 
in  proportion  to  viscosity  to  a degree  of  0.148.  Let  us  recall 
tiiat  in  Levich's  theory  [74]  this  index  is  equal  to  0.33-  How- 
ever, the  analysis  of  Whittaker's  data  shows  that  the  viscosity 
of  the  system  was  insufficient  (less  than  one  poise),  and  there- 
fore sai'face  tension  had  to  exert  the  basic  stabilizing  correction, 
Con.sequent  ly , tlie  data  of  the  experiment  must  be  correlated  in 
accordance  with  Landau's  theory  [73].  In  Tabae  24  Whittaker's 
results  arc  processed  by  the  calculation  of  the  relation  u^,/ /p , 
'Which  folJows  from  Landau's  theory  [73]  with  constant  values 
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for  the  quantities  of  surface  tension  and  density'.  In  view  of 
the  small  quantity  of  t.ne  used  thickening  additive  this  Is  not 
■presented  as  a rough  assumption.  As  can  be  seen  from  Table  2^ , 
relationship  u^//p j,'=const  Is  fulfilled  by  Landau  very  well  and 
Whittaker's  results  can  be  considered  as  a confirmation  of  the 
validity  of  the  theory.  Let  us  note  that  Levich's  relationship 
[7^]  does  not  describe  these  data. 


Table  24.  Processing  of  the  data  of 
work  [186]. 
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pai'C-no  ly , Chuyko  and  Ivashkin  (IKhF  [MXil  - Institute  of 

Ch-v.Tilcai  Physics J of  the  Ah'  USSR,  I968)  in  their  experiments 

inveoLigated  the  combustion  stability  of  a mixture  of  tetranl- 

ti’oirie thane  (TNM)  with  benzene,  taken  in  a volume  ratio  of  3:1 

and  thickened  by  additions  of  polymethyl  methacrylate  (PMMA;  [flrliiA] 

It  v;as  established  +-hat  this  liquid-viscous  system  Is  non-Newtonian . 

By  viscosity  meas:.r  jment  at  different  shear  stresses  with  the  sub- 

2 

sequent  extrapolation  to  stresses  of  an  order  which 

corresponds  to  the  disturbing  conditions  at  tne  critical  point  of 
iiorma]  burning,  it  was  possible  to  make  a relatively  correct 
comparison  of  the  theory  with  the  experiment.  The  combustion  of 
mixtures  was  conducted  in  an  apparatus  with  only  slight  pressure 
variatlcns  In  beakers  6 mm  in  diameter.  Table  25  gives  results 
of  the  experiments,  and  also  the  critical  values  of  the  rates  of 
combustion  calculated  from  the  formulas  of  Landau  and  Levich. 


'a  relative  value  has  been  derived  which  Is  standardized  at  a 
value  for  a system  without  an  addition. 
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As  was  noted  above,  the  viscosity  was  determined  by  extrapolation, 

2 

in  view  of  the  small  difference  in  the  values  (pgUg)*  for  the 

different  systems,  it  virtually  corresponds  to  a shearing  stress  of 

2 

an  order  of  1 dyne/cm  , Also  included  are  the  results  of  an  inves- 
tigation of  the  mixtures,  which  contain  an  addition  of  aluminum 
powder,  which  created  the  supplementary  thickening  effect.  If 
we  exclude  data  on  a mixture  with  558  PMMA,  then  Levich's  formula 
gives  the  critical  value  of  velocity  which  is  on  the  average  two 
times  less  than  that  observed  experimentally.  The  calculated 
speed,  according  to  Landau's  fonnula,  and  with  the  utilization 
of  all  data,  on  the  average  exceeds  the  experimental  by  2558.  In 
this  case  it  was  accepted  that  the  surface  tension  of  the  system 
was  constant  (30  dynes  per  centimeter);  this  may  be  an  insuffi- 
ciently good  approximation.  Thus,  in  this  case  it  was  not  possible 
to  make  an  unequivocal  selection  between  theories;  both  give 
approximately  an  identical  degree  of  correlation  with  tne  experiment. 


Table  25.  Limits  of  the  normal  burning 
of  viscous  systems. 
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chese  mixtures  of  TIJM  with  benzene  was  also 
studied  at  elevated  pressures  when  it  goes  into  turbulent  con- 
ditions. One  of  the  interesting  results  here  proved  to  be  the 
effect  of  the  method  of  the  Ignition  of  the  mixture  on  the 

rate  of  combustion.  Ignition  from  a slightly  Incandescent 
eieatrospiral  led  to  rates  of  combustion  several  (2-5)  times 
less  than  with  ignition  from  a tablet  of  ballistite  powder 
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(Fig.  117 )•  The  comparison  of  mixtures  varying  in  viscosity  shows 
that  this  difference  decreases  in  proportion  to  the  thickening  of 
the  system  by  a high  polymer,  while  the  most  viscous  mixtures 
virtually  do  not  react  to  the  method  of  ignition.  The  explanation 
this  phenomenon,  apparently,  is  connected  with  the  fact  that  the 
excitation  of  combuEtion  from  an  intense  source  (powder  tablet) 
leads  to  a powerVul  distortion  of  the  combustion  surface  which 
cannot  be  rapidly  attenuated  In  view  of  the  increased  viscosity 
of  the  system,  and  combustion  develops  on  the  disturbed  surface. 

The  stability  of  this  process  can  easily  be  destroyed.  The  great 
increase  in  the  viscosity  of  the  system  blocks  the  surface  dis- 
tortion of  the  charge  from  the  action  of  the  igniter;  the  method 
of  ignition  becomes  unimportant.  The  effect  is  greatest,  when 
tlie  time  of  the  fading  of  the  alsturbance  of  surface  is  comparable 
to  tlie  burn-up  time  of  the  sample  (see  also  further  experiments 
on  combustion  under  increasing  pressure).  The  data  given  in 
rig.  117  on  the  rates  of  combustion,  excited  by  the  high  intensity 
source  of  Ignition,  correspond  to  the  linear  Increase  in  the 
value  of  the  average  speed  of  turbulent  combustion  from  pressure. 


u,  irun/ s 


Figure  117.  Rates  of  combustion  of  mix- 
tures of  TNM-benzene  (3:1)  depending  on 
the  quantity  of  thickener  (polymethyl 
methacrylate),  pressure  and  the  method 
of  ignition: 

1 and  3 - ignition  from  spiral;  the  re- 
maining are  from  the  tablet  of  powder; 

1 and  2 - 1%  of  PMMA;  3 and  ^ - without 
thickening;  5 - 0.5%  of  PMMA;  6 - 2%  of 
PMMA;  7 - 2%  of  PMMA+5%  Al;  8 - 3%  of 
PMMA.  On  curves  1 and  3 index  v=0.5,  on 
remaining  curves  .^=1. 


The  experimental  data  obtained  with  soft  Initiation  correspond 

to  the  much  weaker  dependence  of  the  rate  of  turbulent  combustion 

on  the  pressure:  for  an  unthlckened  mixture  of  TNM  with  benzene 
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and  a mixture  with  1%  PMMA  the  rate  increases  as  p , i.e., 
it  corresponds  to  the  theory  of  the  turbulent  combustion  of 
liquid  systems  examined  in  § 41.  It  Is  necessary  to  assume  that 
the  emergence  of  the  first  of  the  conditions  of  turbulent  combus- 
tion of  liquid  with  the  strong  dependence  of  velocity  on  pressure 
examined  here  corresponds  to  cases  of  the  rapid  transition  of 
combustion  to  explosion  which  were  repeatedly  observed  by  many 
searchers  with  tne  intense  ignition  of  ZhVV  [38,  191,  206]. 


In  ii;'ht  of  these  data  let  us  examine  the  mechanism  of  the 
ei'i’eji,  of  the  height  of  the  tube  above  the  surface  of  the  liquid, 
v;hlc:.  was  rioted  by  a number  of  researchers.  Under  high-speed 
t irb  ilent  concltions,  the  burnout  of  the  suspension  of  drops  far 
from  the  surface  and  torn  away  from  the  surface  of  the  liquid,  for 
examp io  tc  tne  extent  of  the  vessel  (short  tube),  leads  to  the  loss 
. part  of  the  flow  energy  of  the  combustion  products;  the  quantity 
w'f  drops  re-entering  the  flam.e  is  lir;ited.  An  increase  in  the 
inrigth  oi  the  tube  above  the  surface  makes  it  possible  to  utilize 
::.cre  fully  the  flow  energy  for  separating  the  drops  from  the  sur- 
face of  the  initial  liquid,  and  with  dxsequilibrium  - to  lead  to 
the  -^xr:!.. slon  cf  the  drcc-gas  mixture  (S  43).  The  more  reactive 
tt;--  system,  the  higher  its  com.bustion  temperature,  the  higher  the 
energy  of  the  gas  flew,  the  less  the  critical  value  of  the  length 
>f  the  tube  above  the  burning  surface,  the  more  easily  the  ex- 
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;he  viscosity 


s also  clear;  when  the  thickening  of  the  mixture  raises  the 
r'tlcai  snear  stress  to  a value  which  exceeds  the  shearing  stress 
, t;.---  turbulent  flow  of  the  combustion  products,  the  hypersonic 
.OU-;  t;.;rbuient  combustion  becomes  impossible.  For  non- 
lewt  ^.nlan  systems  it  is  also  :iecessary  to  consider  the  dependence 
h'  t'n'.-  ch:;nic al  characteristics  on  the  loading  rate. 


The  Introduction  to  the  liquid  substances  of  small  quan- 
tities of  thickening  additives  frequently  changes  the  rate  of 
combustion  and  Its  pressure  dependence  both  In  normal  and  In  tur- 
bulent combustion  modes,  especially  with  low  concentrations  of 
the  additives.  With  an  Increase  In  the  viscosity,  the  effect 
rapidly  decreases.  For  example,  the  processing  of  Whitaker's  data 
[186]  shows  that  with  luclte  contents  In  the  mixture  nitric  acid  - 
2-nitropropane  equal  to  0;  0.1;  0.3  and  0.75X  at  40  atm,  rate  of 
combustion  Is  respectively  3*9;  3.4,  2.55  and  2.4  mm/s,  while  at 
70  atm  It  Is  equal  to  6.5;  5.8;  4.8  and  4.6  mm/s.  The  combustion 
of  nltromethane  with  additions  of  2.8,  4.2,  7 and  9.8%  of  pyroxylin, 
according  to  N.  V.  Parfenov's  experiments,  at  50  atm  is  1.80, 

1.68,  3.42,  and  1.20  mm/s.  Let  us  note  that  the  unthickened 
nltromethane  under  these  conditions  burns  at  a rate  of  1.5  mm/s. 

The  difference  In  the  effect  of  the  addition  of  pyroxylin  and 
luclte  Is  connected  with  a difference  In  their  combustibilities. 

The  rate  of  combustion  of  pyroxylin  is  higher  than  that  of 
nltromethane,  and  luclte  is  actually  Inert.  In  experiments  with 
nltromethane,  the  net  result  of  the  Introduction  of  an  addition 
Is  the  competing  effect  of  two  factors:  an  Increase  in  velocity 

and  power  of  the  mixture  with  the  introduction  of  the  active 
thickener  and  a decrease  in  the  velocity  as  a result  of  an  Increase 
In  the  viscosity  of  the  system.  The  thickening  of  the  mixture 
decreases  the  near-surface  layer,  heated  thoroughly  to  a tempera- 
ture close  to  the  boiling  point  (decomposition),  as  a result  of 
the  suppression  of  convective  mixing. 

Viscosity  effect  on  the  velocity  of  combustion  beyond  the 
stability  limit  is  virtually  not  Investigated.  It  was  established 
that  the  rate  of  the  turbulent  combustion  of  the  colloxylin- 
thickened  -nltroglycol  depends  on  a pressure  less  than  the  un- 
thickened substance,  while  the  velocity  is  lower,  the  difference 
increasing  in  proportion  to  removal  from  the  limit.  The  rate  of 
the  turbulent  combustion  of  the  mixture  TNM-benzene  (see  Fig.  110a) 
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on  the  whole  decreases  with  an  increase  in  the  viscosity  of  the 
system;  however,  the  form  of  pressure  dependence  is  virtually 
retained.  It  can  be  approximated  by  the  equation  u»Bp,  where 
coefficient  B decreases  with  an  Increase  in  viscosity. 


A special  case  is  the  combustion  of  low-melting  solids 
under  conditions  when  there  is  a considerable  melting  layer. 

Theory  shows  (5  40)  that  the  agitation  of  combustion  according 
to  the  Landau  - Levich  mechanism  is  possible  only  under  excep- 
tional circumstances  (temperature  of  the  substance  close  to 
melting  point).  The  known  experiments  of  Popova  and  Andreyev 
[33]  on  molten  PET L'  showed  that  the  picture  of  combustion 
actually  corresponis  to  Landau’s  and  the  critical  rate  of 
c-j.-r.buGtlon  agrees  sufficiently  well  with  the  calculated  value. 
Jiaskova’c  experiments  [222]  on  supercooled  DINA  also  confirmed 
•-•vat  tiie  molten  explosives  behave  analogously  to  liquid  systems. 

As  concerns  the  agitation  of  the  combustion  of  solid  fusing 
sulstariC'.-s  by  the  Lanuau  - Levich  mechanism,  Popova's  experi- 
v;-.-re  iedlcat-.-d  to  this  question  [351;  she  observed  the 
” of  the  combustion  cf  solid  PETN  after  the  pulsation  which 
oani-,-u  ignition.  It  is  obvious  that  the  melting  layer  burned 
out  in  this  case  in  the  turbulent  conditions,  not  having  had 
tim.e  to  transfer  the  heat  to  the  depth  of  the  charge,  in  con- 
S'.-quence  of'  v:hich  the  melting  v/as  not  renewed  in  continuous 
form  and  combicsticn  was  entinguisr.ed . As  a result  of  the 
inuicated  rcumstar.ee , the  Andam;ped  mode  of  turbulent  combustion 
of  solid  fusing  explosives  is  not  possible  by  the  Landau  - 
_e/ijh  mechanis.m.  d.owever,  the  acnormally  large  melting  layer 
formed,  for  exam.ple,  during  very  weak  and  prolonged  ignition, 
can  burn  out  in  turbulent  cond/tions.  Including  in  the  form  of 
a flash  or  explosion-like  process.  One  of  the  possible  methods 
of  cb.ecking  t.ne  theories  is  the  study  of  combustion  under 
ircr-a.olnr  pressure.  According  to  the  results  obtained  in  § 4l, 


hlgh-vlscoslty  mixtures  under  these  conditions  can  burn  normally 

to  pressures  which  noticeably  exceedccrltlcal  p*,  determined 

with  combustion  under  constant  pressure.  Experiments  with 

nitroglycol  showed  that  at  rates  of  pressure  buildup  to  20 

at/s  It  Is  possible  to  exceed  p,  by  not  more  than  20S,  which 

agrees  with  the  predictions  of  the  theory.  On  a system  of 

TNM  - benzene  with  an  addition  of  2%  PMMA  and  53f  aluminum  powder 

experiments  were  conducted  for  the  purpose  of  checking  the 

theory  for  viscous  systems.  Combustion  was  conducted  In  a 

manometer  bomb  with  a recording  of  the  curve  of  the  change  In 

the  pr-Tsure  over  time  p(t).  Under  conditions  of  combustion 

und'jr  constant  pressure,  for  this  mixture  p*"ll  atm.  Figure  ll8a 

shows  the  dependence  of  the  critical  pressure  p^ , found  according 

to  the  experiments  in  the  manometer  bomb,  from  the  given  rate 

of  pressure  buildup  r»(l/p) (dp/dt)  in  the  volume  of  the  bomb, 

calculated  from  the  recording  of  p(t)  in  the  section  ahead  of 

the  Interruption  of  normal  combustion.  As  the  curve  shows, 

at  low  speeds  of  pressure  buildup,  the  well  expressed  effect 

forecast  by  the  theory  is  observed:  In  the  manometer  bomb 

exceeds  p,  and  Increases  with  an  increase  in  r.  The 

processing  of  the  data  of  the  experiment  leads  to  an  expression 

-1’  —1/2— 

in  Che  form  (p.-p»)p*  rn  const.  Since  the  mixture 

investigated  is  a non-Newtonian  liquid,  its  viscosity  depends 

• 

on  the  rate  of  the  application  of  shear  stress,  l.e.,  n“n(r). 

If  n'^r,  the  data  of  the  experiment  agree  with  the  predictions 
of  the  theory  [formula  (102)].  Actual  form  of  n(r)  is  not 
known . 

Let  us  pass  to  the  sectionof  the  dependence  p (r)  at 

K 

increased  rates  of  growth  of  pressure.  The  experiment  shows  that 
with  t>3-1/s  the  condition  p <p-  Is  observed.  Filming  made 
it  possible  to  establish  that  in  these  experiments  the  initial 
disturbance,  created  by  an  igniter  (black  powder)  did  not  go 
out  and  turbulent  combustion  developed  on  the  uneven  surface 


Figure  ll8.  Effect  of  the  relative  rate  of  the  Increase  In 
pressure  f.  a)  the  critical  combustion  pressure  of  the  mixture 
TNM  - benzene  (3:1)  with  addition  of  2%  PMMA,  5JS  A1  In  mano- 
meter bomb;  b)  time  of  the  development  of  the  unsteady  com- 
Dustion  of  the  same  mixture. 

as  a further  deepening  of  surface  irregularities.  In  experi- 
ments with  small  rates  of  pressure  growth,  the  initial  dis- 
turbances of  surface  v;ere  damped,  and  there  was  always  a 
section  of  combustion  with  a smooth  surface.  Figure  ll8b  shows 
the  dependence  of  the  combustion  period  of  the  mixture  to  the 
moment  of  reaching  p . A comparison  of  Fig.  Il8a  and  ll8b 

K 

makes  It  possible  to  establish  that  the  characteristic  time  of 
the  fading  of  the  disturbances  of  the  surface  of  the  investigated 
system  is  approximately  '^'2  s . If  the  rate  of  pressure  buildup 
'was  so  great  that  the  disturbances  were  not  damped,^  p proved 

K 

to  be  less  than  Pj^.  Vilth  the  development  of  instability  from 
normal  burning  P^>P*-  In  the  experiments  p /p»'''1.85  is 
reached.  Further  thickening  of  the  system  will  contribute  to 
an  increcioe  in  this  ratio  (at  equal  rates  of  growth  of  pressure), 


'This  is  equivalent  to  the  requirement  that  the  time  of  the 
combustion  of  the  sample  be  comparable  (or  less)  with  the  time 
of  fading  of  the  disturbance  of  the  surface  of  the  mixture. 
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but  simultaneously  the  time  of  the  fading  of  the  Initial 
disturbances  will  increase,  which  can  hinder  the  attainment 
of  high  values  of  p /p^.  Utilizing  known  metnods  of  ignition 
without  significant  disturbances,  the  curve  p /pu=f(r)  can 
be  continued  into  the  area  of  high  pressure  buildup  rates. 


§ 47.  Combsutlon  of  ZhW  Charges  With 
Heat  Conducting  Elements 


With  the  determination  of  the  rate  of  combustion  of  ex- 
plosives, we  frequently  encounter  the  distorting  effect  of  the 
shell  of  the  charge  on  the  results  of  the  measurements.  It  was 
noted  long  ago  that  in  metallic,  not  too  massive  shells,  the 
rate  of  combustion  of  explosive  charges  proves  to  be  more 
than  In  an  environment  of  materials  which  conduct  heat  poorly 
[38].  An  explanation  of  the  effect  of  heat-conducting  walls  has 
already  been  given  in  Andreyev's  works  [37].  A charge  shell 
which  conducts  heat  well  (for  example,  a metallic  one)  makes 
it  possible  to  Increase  the  heat  flux  into  unburned  substance 
because  of  the  selection  and  heat  transfers  from  the  high  tem- 
perature cone  to  the  bypass  of  the  gaseous  phase  of  the  combustion 
rro'iucts  of  the  charge  which  conduct  heat  poorly.  The  heat 
t rar.smltt  ed  along  the  wall  is  spent  for  an  Increase  in  the 
initial  tennerature  of  the  charge  In  the  sub-surface  layers, 
which  as  a result  of  the  dependence  of  the  rate  of  combustion  on 
-he.;  temrerature  of  the  explosives,  leads  to  an  Increase  in  the 
av-erage  rate  of  combustion  of  the  charge.  It  is  understandable 
that  the  higher  the  rate  of  combustion,  the  less  the  quantity  of 
heat  that  can  be  transmitted  into  the  bypass  of  the  front  of 
cenbustion  via  the  heat-conducting  element.  In  this  case  a 
larp-er  than  usual  value  is  acquired  by  such  factors  as  the 
temperature  distribution  in  the  gaseous  phase,  the  presence  of 
I’eactions  in  the  k phase  (temperature  sensitivity  of  the  rate 
■f  combustion),  etc.  In  experiments  with  liquid  exolosives,  pieced 
in  beakers  (metal,  quartz,  glass),  frequently  at  the  end  of 
combustion  at  a lov;  rate  effervescences  of  the  liquid  are 
.;bservea  which  are  accompanied  by  a flash.  So,  with  the  measure- 
ment of  the  tempe-^^pture  at  the  bottom  of  a beaker  of  nltroglycol, 
vhnlch  burned  at  5 atm,  we  recorded  an  increase  in  temperature 
long  before  the  approach  of  the  combustion  front  of  more  than 


100° C.  "End”  effects  are  caused  by  the  fact  that  the  absence  of 
heat  withdrawal  leads  to  a heatswell  In  the  limited  volume  of 
the  shell  and,  as  a result,  to  a progressive  heating  of  the 
terminal  volume  of  the  liquid  (see  Pig.  105g). 

The  first  experiment  described  In  literature  with  a heat- 
conducting  element  Introduced  for  the  strengthening  of  the  heat 
transfer  from  the  gas  Into  the  condensed  phase  was  conducted  by 
Kostin  (cited  In  [37]).  A copper  rod  Introduced  Into  the  test 
tube  of  burning  nltroglycol  sharply  accelerated  combustion.  At 
the  present  time,  the  Introduction  of  heat-conducting  elements 
Into  explosive  charges  and  solid  rocket  propellants  have  become 
one  of  the  physical  methods  of  controlling  their  combustion 
rate  [201], 

We  repeated  I.  D.  Kostin's  experiments  (together  with  A.  D. 
Margolin  and  F.  S.  Sokolovsky)  on  a TNM  - benzene  mixture,  taken 
in  the  ratio  3:1  (1  atm).  A change  In  the  material  of  the  wall 
of  the  shell  of  the  charge  (glass,  brass,  aluminum)  was  reflected 
in  the  rate  of  combustion,  at  the  moment  of  the  emergence  of 
the  mode  of  "rapid"  combustion  (see  § .^5),  and  also  In  the  nature 
of  the  convective  current  of  the  mixture  in  the  near-surface 
layer.  In  this  case,  for  example,  in  an  aluminum  thin-walled  shell 
the  "rapid"  combustion  mode  appears  almost  right  after  ignition, 
and  in  a quartz  shell  - after  the  combustion  of  the  liquid  column 
one  to  one  and  one-half  diameter  in  height.  The  waves,  which 
form  a similarity  to  Elnara's  cells  (see  Fig.  Il6c)  v:lll  move 
av/ay  from  the  walls  of  the  container  Inward.  The  wave  motion  in 
the  metal  shell  is  brighter  and  is  more  Intense  than  in  quartz. 

In  proportion  to  the  thickening  of  the  mixture  the  wave  motion 
is  uanped;  a high- viscosity  mixture  burns  out  faster  at  the 
v.-alls  and  forms  a cone  with  the  apex  upward. 


Into  the  mixture,  burned  in  a quartz  cup,  a copper  rod  was 


Introduced.  Observations  of  the  dynamics  of  the  process  revealed 
an  intense  convective  current  In  the  liquid  beginning  at  the 
rod.  The  rate  of  combustion  Increased,  and  the  transition  to 
the  "rapid"  combustion  mode  was  accelerated.  The  small  thlcknelng 
of  tlie  mixture  unexpectedly  led  to  explosions.  It  turned  out  that 
near  the  rod  In  the  near-surface  layer  there  occurs  the  formation 
of  bubbles  of  the  gas  which  Is  a mixture  of  the  vapors  of  the 
itiitial  liquid  and  of  the  decomposition  products  (Indicated  by 
changed  In  the  color).  In  proportion  to  heating,  the  quantity 
of  bubbles  Increased,  and  the  accumulation  of  a foamy  layer, 
whose  burst  was  recorded  as  an  explosion,  occurred.  The  local 
nature  of  the  phenomenon  Is  clearly  seen  from  the  fact  that 
frequently  after  the  explosion  the  test  tube  turned  out  to  be 
liilact,  the  rod  v/as  ejected,  and  combustion  continued  to  be 
r ropagated.  Especially  Intense  explosions  occurred  when  the  rod 
v'as  Ir.troduced  Into  the  liquid  to  a small  depth  ("end"  effect). 

Tiu?  role  of  thickening  of  thi.s  case  Is  reduced  to  the  difficulty 
of  convective  heat  exchange  with  the  cold  layers  of  the  liquid, 
v.'iilch  leads  to  an  overheating  of  the  limited  volume  of  the  mixture. 
Its  decomposition  and  explosion. 


cm/s 


Figure  119.  The  dependence  of  the  rate  of 
combustion  on  the  pressure  of  a stoichio- 
metric mixture  of  TNM  - benzene.  1 - 
plexiglass  test  tube  without  plates  ; 2 - 
steel  plates  with  a thickness  of  0.1  mm; 

3 - copper  plates  with  a thickness  of 
1.5  mm;  ^ - copper  plates  with  a thickness 
of  0.5  mm. 


The  systematic  study  of  the  effect  of  heat-conducting 
elements  on  the  hydrodynamic  combustion  stability  of  ZhW  was 
undertaken  in  v;ork  [208]  using  as  an  example  the  stoichiometric 
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mixture  of  TNM  with  benzene.  In  the  experiments  rectangular 
plexiglass  or  quartz  test  tubes  with  a section  of  5x6  mm  were 
utilized;  in  part  of  the  experiments  thin  copper  or  steel  strips 
which  served  as  heat-conducting  elements  were  placed  on  two  of 
nthe  walls.  The  results  of  the  experiments  are  shown  in  Pig.  119, 
from  which  it  is  evident  that  the  metallic  plates  noticeably 
increase  the  rate  of  combustion  in  subcrltical  conditions  as  well 
as  the  critical  rate  of  combustion;  however,  the  critical  pressure 
of  the  transition  to  turbulent  conditions  remains  unchanged.  Hence 
it  follows  that  the  effect  of  the  Introduction  of  the  heat- 
conducting  elements  entails  an  Increase  in  the  effective  rate  of 
_combustion  of  the  mixture;  at  the  same  time  the  combustion 
stability  of  the  liquid  mixture  is  determined  by  the  intrinsic 
fundamor.tal  rate.  It  is  appropriate  to  note  that  inthe  case  of 
powdor-llke  systems  the  critical  conditions  of  the  disturbance  of 
normal  burning  are  also  determined  by  the  fundamental  rate  of 
combustion  and  do  not  depend  on  the  physical  effects,  which  lead 
t o an  Increase  in  the  recorded  rate  of  combustion. 


Let  us  examine  the  phenomena  whlci.  accompany  the  combustion 
of  a liquid  mixture  into  which  a heat-conducting  element  is 
introduced,  being  guided  by  the  data  in  work  [208].  The  heat 
is  spread  along  the  element  from  the  zone  of  the  flame  into  the 
depth  of  the  liquid.  The  heating  of  the  layers  of  the  mixture 
adjac'^nt  to  the  element  causes  the  appearance  of  convective 
currents  within  the  liquid. 

The  heating  of  certain  near-surface  layer  forces  it  to  burn 
at  an  accelerated  rate.  However,  at  pressures  lower  than  the 
critical  for  the  transition  to  turbulent  conditions  the  burning 
up  of  the  reheated  layer  of  the  mixture  converts  to  the  calm 
combustion  of  the  unheated  liquid,  since  for  it  the  normal  mode 
of  combustion  is  characteristic  under  these  conditions.  The 
v;arm-up  period  of  the  new  near-surface  layer  of  the  liquid 
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follows  again  because  of  the  heat  of  transmission  along  the  element, 
and  the  picture  is  repeated.  The  fluctuating  combustion  mode 
appears,  the  average  speed  of  which  will  be  above  normal  because 
of  the  acceleration  of  the  combustion  of  the  reheated  layer  of 
the  mixture.  The  turbulent  combustion, .not  alternating  with 
periods  of  normal  burning,  can  develop  only  after  the  critical 
pressure  of  transition  for  the  initial  mixture  is  exceeded  in 
the  experiment,  in  work  [208]  the  described  sequence  of  the 
phenomena  was  confirmed  experimentally  by  the  method  of  high- 
speed filming. 

The  effect  of  the  heat-conducting  element  logically  depends 
on  the  relationship  of  the  thermal  dlffuslvlty  of  its  ne.terlal 
and  the  ZhW  and  also  on  the  temperature  combustion  rat'  coef- 
ficient of  the  latter.  In  the  case  of  liquid  mixtures  with 
si.cnl  ricantly  differing  volatilities  there  can  arise  the  amplifying 
rulsat  ;ons  of  the  phenomenon  of  fractional  burnout.  With  the 
ro-onri chnent  of  the  surface  layer  of  the  mixture  the  component 
incapable  of  independent  combustion,  the  damping  combustion  is 
I'ossible,  which  we  observed  experimentally  during  the  Investlga- 
•:.ion  (1  atm)  of  a mixture  of  TNM  with  ethyl  ether  which  was 
somev;hat  re-enriched  by  the  oxidizer. 

Thus , the  steady  state  of  turbulent  combustion  is  feasible 
only  when  the  critical  value  is  exceeded  by  the  fundamental  rate 
of  combustion,  which  also  determines  the  Independence  of  the 
critical  pressure  from  the  presence  of  the  heat-conducting 
f!'  iements  , 


V/e  do  not  examine  here  the  possible  catalytic  effect  of  the 
surface  of  the  heat-conducting  element,  which  sometimes  can 
substantially  Influence  the  average  rate  of  combustion  of 
liquid  explosives. 
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§ 48,  Means  of  Transition  from  Excited 
Combustion  to  Explosion 

The  phenomenon  of  the  transition  of  combustion  to  explosion 
and  detonation  has  always  been  the  final  goal  toward  which 
researchers  of  the  mechanism  of  unsteady  combustion  have  strived. 
The  fundaunental  works  on  this  question  are  those  of  K.  K.  Andreyev, 
A.  P.  Belyayev  and  their  coworkers.  Their  views  are  most  fully 
reflected  in  monographs  [37]  and  [59].  Nevertheless,  it  is 
necessary  to  state  that  this  section  of  combustion  theory  is 
still  weakly  developed,  both  theoretically  and  experimentally. 

Many  propositions  remain  hypotheses  which  do  not  have  quantitative 
substantiation . 

The  theory  of  the  turbulent  (agitated)  combustion  of  liquid 
explosives  presented  in  the  preceding  sections  makes  it  possible 
to  approach  somewhat  a solution  to  the  problem  of  the  conditions 
of  transition  from  the  combustion  ZhW  to  the  explosion,  although 
it  is  not  possible  to  give  a final  answer,  above  all  in  view  of 
tile  absence  of  the  necessary  experimental  studies. 

The  Andreyev-Belyayev  Mechanism 

As  was  mentioned  in  the  beginning  of  the  chapter,  the 
transition  from  combustion  to  explosion  according  to  the  Andreyev- 
Belyayev  mechanism  can  occur  if  the  acceleration  of  gas  formation 
with  pressure  exceeds  the  critical  value  at  combustion. 

The  physical  meaning  of  this  assertion  is  clear  from  an 
examination  of  the  expression  for  pressure  in  the  volume  of  a 
container  (tube)  which  contains  the  burning  explosives.  If  the 
djcime.ter  of  the  charge  is  equal  to  the  diameter  of  the  tube,  then 
with  u^=Bp^  p^=(Bp^/A)  . Hence,  it  follows  that  with 

Bp^/A>l  and  v-1,  pressure  p^  Increases  Indefinitely  until  the 
shell  of  charge  is  destroyed,  l.e.,  until  explosion.  Since 
A=7.4  g/cm  *s*atm,  the  condition  of  the  explosion  of  the  charge 
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will  be  the  requirements  Bp^>7.^  g/cm  'S'atm  u=*l.  If  v>l,  the 
disequilibrium  occurs  If  the  pressure  exceeds  value  P^p" 

(curve  of  m^  In  Pig.  120). 


• 14  «• 


With'  v<l,  even  with  Bp^/A>l 
pressure  will  exist,  which 
corresponds  to  the  equilibrium 
of  gas  inflow  and  gas  outflow. 

With  v<l  and  Bp^/A£l,  the  pressure 
p^  will  be  virtually  equal  to  the 
external  pressure  p^. 


Figure  120.  Balance  of  gas 
inflow  v;ith  the  supersonic 
discharge  of  the  cd^mbustlon 
oroducts.  ■ 


As  was  established  In  the 
preceding  paragraph,  the  dependence 
of  the  rate  of  turbulent  combus- 
tion of  liquid  explosives  on 
pressure  Initially  has  an  index 
V more  than  one;  then  it  passes  all  intermediate  values  and  at 
high  n it  approaches  v=Vq-0.5j  where  Vq  characterizes  undisturbed 
combustion.  With  liquid  explosives  Vq»1,  and  consequently  the 
developed  turbulent  combustion  mode  has  the  dependence  u (p)  in 
the  form  u_=Bp'^*^.  Hence  it  follows  that  the  combustion  In  the 

J 

developed  turbulent  conditions,  from  the  viewpoint  of  the  Andreyev- 

ioelyayov  mechanism,  must  be  stable,  with  where  p®  is 

thv,-  density  of  the  combustion  products,  reduced  to  1 atm.  It  is 
interesting  to  compare  this  conclusion  with  the  data  of  work 

[191]  (see  5 49). 


In  the  transition  zone  between  n=l  and  n>>l  there  is  a pressure 
range  ’where  the  index  v_>  1 . If  condition  E^p^>A  Is  satisfied  here, 
trien  there  appears  the  possibility  of  the  disequilibrium  of  the 
gas  i.nl’iow  and  the  gas  outflow.  However,  if  the  shell  of  tht 
container  with  the  explosives  is  sufficiently  durable,  then  the 
pres;-, are  in  it  will  grow  until  the  mode  of  developed  excited 


350 


combustion  Is  established  for  which  v<l.  This  Is  Illustrated  by 
the  curve  in  Fig.  102.  Here  with  p<p^,  the  gas  Inflow  is 
greater  than  the,  gas  discharge,  and  pressure  in  the  shell  Increases. 
However,  there  occurs  further  the  transition  to  the  saturating 
branch  (v<l)  and  in  the  final  analysis  the  equilibrium  pressure  P^is 
established.  Of  course,  the  shell  can  be  destroyed  before  the 
achievement  of  pressure  p^,  and  this  will  be  recorded  as  an 
explosion . 

We  have  discussed  only  one  condition  of  the  transition  of 
combustion  to  explosion  for  the  Andreyev-Belyayev  mechanism. 

Another  requirement  is  pj^B>A.  In  the  developed  mode  of  excited 

P 

combustion  3^=B/p^Tp^=^10  B.  A comparison  of  this  value  with  the 
d.ata  in  Table  l8  and  value  A shows  that  the  methyl  nitrate 
possesses  B,^p^/A>l  and  for  it,  p^=3-5  atm,  whereas  other  substances 
ar-..>  located  near  the  limit.  Important  here  is  even  not  the  order, 
but  the  numerical  value  of  the  coefficient  a^,  etc.  In  other 
words,  depending  on  the  details  of  the  situation,  both  B^p^>A  and 
the  sub  critical  combustion  mode  can  be  realized.  So,  careless 
li-nltior. , which  contributes  an  additional  Increase  to  the  burning 
surface  of  2-3  times,  the  difficulty  of  the  gas  outflow,  let  us 
say,  by  a decrease  in  the  section  of  the  flow  of  the  products 
of  combustion  in  comparison  with  the  surface  area  of  the  charge,  etc. 
- all  this  will  facilitate  the  explosion. 

It  is  important  to  emphasize  the  following  fact.  The  study 
of  the  problem  in  the  Andreyev-Belyayev  theory  is  conducted  on  the 
assumption  that  the  whole  substance  manages  to  react  within  the 
limits  of  the  container  confining  the  liquid.  If  a considerable 
fraction  of  the  substance  is  taken  out  (for  example,  in  the  form 
of  drops)  and  reacts  far  from  tube,  the  generation  of  gas  from 
the-  combustion  of  this  quantity  of  explosives  does  not  enter 
into  the  balance  of  the  gases  which  determines  pressure  at  the 
oorfaco.  The  height  h of  the  container  which  contains  liquid 
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explosives  which  will  ensure  the  combustion  efficiency  of  the 
drops,  separated  by  the  flow  from  the  surface,  obviously,  must 
be  not  less  than  h„,  where 


/l  > A,  C5S  Th<«1  = T,1, 


H-t  1 . • 

Vp  V 


(107) 


In  the  first  approximation,  t is  determined  by  the  kinetics 

w 

of  the  reaction  of  the  substance  and  is  proportional  to  the  size  of 
the  drops  to  the  degree  of  the  second  order,  while  with  simple 
burnout  this  degree  is  equal  to  one. 


B’rom  the  viewpoint  of  the  balance  of  gas  Inflow  and  gas  out- 
flow, the  developed  mode  of  excited  combustion  should  be  stable. 
This  conclusion  follows  on  the  assumption  that  the  disturbances 
develop  from  infinitesimal  disturbances  generated  with  the  very 
process  of  combustion,  l.e.,  their  amplitude  ^<<u_/3.  As  concerns 
larger  artificial  disturbances,  as  was  established  In  § 39,  they 
burn  with  "spreading". 

Let  us  assume  that  at  the 
moment  of  Intense  ignition  of 
the  liquid,  at  some  moment  the 
indentation  (Fig.  121)  was 
formed.  In  area  a the  pressure 
will  be  more  than  in  area  b . 

The  excess  pressure  will  begin 
to  squeeze  out  the  liquid  from 
the  container,  to  splash  it, 

FlEure  121.  Evolution  of  large-  Ignition  of  the  drops 

scale  disturbance  of  the  burning  by  the  hlgh-temperature  flame 

surface  of  the  liquid.  j ..i.  r. 

^ can  occur  in  the  form  of  an 

explosion.  Moreover,  the  vjave 

can  turn  out  to  be  unstable,  and  Instead  of  spreading,  the  break 
of  its  crest  v/111  occur  (dashed  curve  In  Fig.  121).  As  a result, 
within  the  liquid  there  will  prove  to  be  an  isolated  volume  of 
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combustion,  which.  Increasing,  will  destroy  the  enveloping  fluid. 
The  external  picture  will  be  represented  by  the  explosion  of  the 
charge . 


Thus,  the  most  favorable  conditions  for  developing  instability, 
according  to  Andreyev-Belyayev,  occur  near  the  limit  of  normal 
burning,  when  the  mode  of  excited  combustion  is  not  yet  developed. 
Far  from  the  limit,  according  to  Landau-Levich , the  combustion  in 
the  sense  considered  is  stable  (V<1);  however,  it  is  necessary  to 
eliminate  the  external  artificial  disturbances  more  than  '\'U^/g  in 
size,  which  can  become  the  reason  for  local  explosions. 

Thermal  Explosion  of  a Suspension 
of  Drops  of  ZhVV  in  the  Gaseous  Phase 

In  view  of  the  powerful  turbulence,  the  temperature  of  the 
combustion  products  is  close  to  maximum  and  is  almost  constant 
with  regard  to  the  flame  jet.  This  provides  a rapid  course  of 
the  gas-phase  reactions  as  a resu3t  of  the  exponential  dependence 
of  their  rate  on  the  temperature.  As  was  already  mentioned  above, 
the  thermal  explosion  of  a drop  suspension  very  frequently  is 
considered  as  the  initial  stage  of  the  development  of  an  explosion 
and  even  as  the  detonation  of  the  charge.  Let  us  discuss  this 
question  in  somewhat  more  detail. 


The  concentration  of  the  drops  of  the  explosives  in  the 
gaseous  phase  c can  be  taken  as  proportional  to  the  rate  of 

H p 

turbulent  combustion.  Taking  into  account  that  with  1 cm  for 


time  I 


, there  emerges  into  the  gaseous  phase  u,p,T  grams  of 

^ 

the  substance,  which  is  distributed  in  the  gas  column  u«x  in 

^ Hi 

heli'ht,  we  obtain  c =p-  g/cm^ , 

> H 2 ° 


To  evaluate  the  conditions  of  the  thermal  explosion  of 
s.uspended  matter,  we  utilize  the  fact  established  in  work  [209]: 
th’-  .Tiilcal  conditions  of  the  self-ignition  of  the  aggregate 
of  tfie  particles  have  the  same  form  as  the  critical  conditions 
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for  a single  particle,  but  with  a changed  heat-transfer 
coefficient.  A peculiarity  is  the  fact  that  the  thermal  explosion 
of  the  aggregate  of  the  drops  occurs  under  conditions  of  the 
interference  of  the  particles.  Furthermore,  according  to  [209] > 
in  the  first  approximation,  the  presence  of  the  stages  of  the 
heating  and  vaporization  of  the  drops  of  the  liquid  explosives 
leads  to  a change  in  the  numerical  value  of  the  critical  value 
of  the  Franck-Kamenetskiy  6^^.  This  makes  it  possible  to  write 
the  critical  condition  of  the  thermal  explosion  in  the  form 


E Cpi  (A’»)h 
ItTl  M 


L*'})  > const 


(108) 


where  E - activation  energy;  Tq  is  the  temperature  of  the  medium; 
ip  - reaction  rate;  R - universal  gas  constant;  - the  coefficient 
of  the  thermal  conductivity  of  the  drop;  Q - the  heat  of  reaction 
of  the  explosive,  (Nu)  , Nu  - Nusselt  numbers  for  the  heat 

K 

transfer  from  the  particles  to  the  gas  and  from  the  gas  to  the 
walls,  respectively;  L - the  typical  dimension  of  the  container 
(diameter);  - critical  value. 


Thus,  the  thermal  explosion  of  a suspension  of  drops  is 
feasible  with  the  fulfillment  of  the  relationship  in  (108).  It 
includes  in  particular,  the  value  of  the  diameter  of  the  container, 
so  that  with  an  increase  in  the  area  of  the  section  the  thermal 
explosion  is  facilitated.  Let  us  note  that,  according  to  [209], 
the  ignition  point  of  the  particles  does  not  depend  in  this  case 
on  their  size. 


Under  condition  in  (108)  it  is  assumed  that  all  drops  pulled 
from  the  surface  are  located  in  the  suspension.  One  should  also 
consider  the  effect  of  the  burnout  of  the  suspended  matter  for 
the  time  of  the  Induction  of  the  thermal  explosion  [210;  211]. 

In  the  first  approximation,  it  is  possible  to  consider  that  it 
is  sufficient  to  satisfy  conditions  (107)  and  (108),  wherein  as 
T one  should  take  the  Induction  period  of  the  thermal  explosion, 
since  the  time  of  the  burst  t is  considerably  shorter  than  t . 
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It  Is  worth  noting  one  fact  which  sometimes  is  the  source 
of  errors.  A decrease  in  the  degree  of  dispersion  of  the 
particles,  which  is  introduced  during  the  gaseous  phase  from 
the  surface  by  Itself,  causes  onlVi  a change  in  the  height  of 
flame  jet,  but  cannot  lead  to  a disturbance  of  the  balance  of 
the  gas  inflow  and  gas  discharge.  Actually,  the  gas  Inflow  is 
connected  only  with  the  quantity  of  that  reprocessed  into  the 
products  of  combustion  of  the  original  substance;  and  without 
the  Incroduction  of  any  supplementary  mechanism  of  the  essential 
acceleration  of  the  combustion  of  the  drops  of  ZhW  and  the 
effect  of  the  process  of  the  combustion  of  the  suspension  on 
the  supply  of  drops  from  the  surface,  it  is  not  possible  to 
unbalance  the  process.  Let  us  recall  that  tlie  Interruption  of 
Uie  drops  is  determined  by  the  kinetic  energy  of  the  combustion 
products  P2'^2' 

The  positive  feedback  of  the  process  of  the  combustion  of 
the  drops  with  the  process  of  the  separation  of  the  drops  from 
trie  burning  surface  can  be  '.ccomplished  only  through  a pressure 
incr'ease  in  the  container  since  the  velocity  of  the  combustion 
prcjducts  aftei-  the  achievement  of  the  completeness  of  combustion 
(and  vrlth  v=l)  no  longer  changes.  The  rise  of  the  pressure  in 
trie  container  is  possible  if  the  time  of  the  reaction  of  drops 
is  shorter  than  the  time  of  the  discharge  of  the  combustion 
products,  l.e.,  D/v<h/C2,  where  v is  the  effective  speed  of  the 
reaction  (combustion)  of  the  drops  with  a size  D;  h is  the  height 
•ji'  the  free  part  of  the  tube  above  the  surface  of  the  liquid, 

C - the  speed  of  sound  in  the  combustion  products.  Taking  h=l  cm, 

crn/s , D=10  cm,  we  calculate  that  v = 10  cm/s.  The  normal 

-2 

rate  of  combustion  roughly  is  u^=3*10  p cm/s.  Taking  into 
account  the  possible  heating  of  a drop,  we  find  that  rates  of 
iOO  crn/s  correspond  to  p-10  atm.  Thus,  simple  thermal  conductive 
combustion  of  the  drops  at  moderate  pressures  is  not  able  to 
ci'oate  a pressure  jump  above  the  burning  surface.  Let  us  note 

O 

that  the  heating  time  of  a drop  with  a diameter  of  D is  '^^D'^/^tNur^ 

_ -24 

vilth  D=]0  cm  is  10  s,  which  is  more  than  h/C2=10  s. 
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It  is  interesting  to  compare  this  time  with  the  time  of  transition 
from  combustion  to  explosion  obtained  in  work  [19]]  (see  § il9). 

Generally  speaking  the  question  concerning  the  actual  sizes 
of  the  drops  of  suspended  matter  remains  .open,  since  the  initial 
(torn  from  the  surface)  drops  of  ZhW  can  be  crushed  in  the  gas 
flow.  This  moment  is  discussed  in  Mayer’s  work  [2l6]. 

The  distance  to  the  combustion  point  of  the  drops  from  the 
surface  exceeds  the  value  which  is  characteristic  of  the  normal 
process  k^/u^,  since  from  the  surface  of  the  liquid  moves  not 
the  prepared  steam,  but  cold  drops. 

We  will  turn  to  the  question  concerning  the  consequences 
of  the  thermal  explosion  of  the  suspension.  Considering  the 
explosion  of  drops  to  be  Instantaneous,  l.e.,  is  fulfilled 
(u^/C.,)  (t  /t  >1),  where  C_isthespeed  of  sound  in  the  products 
of  combustion,  we  can  estimate  that  excess  pressure  which  appears 
In  the  flame  jet.  Since  in  1 cm-^  there  are  contained 
grams  of  the  liquid  explosive,  with  a complete  transformation 
their  temperature  increases  from  an  initial  Tq  to  - the  final 
temperature  of  the  explosive  conversion,  and  the  density  will 
change  from  to  Increase  Ap  of  the  pressure  in  the 

combustion  products  will  be 

^p  — P — Pa  = c„/{r./M  =si  Po. 

This  value  can  prove  to  be  so  considerable  that  the  container 
will  be  destroyed  and  process  will  occur  as  an  explosion.  The 
effect  of  the  gradient  of  excess  pressure  on  the  original 
substance  is  able  to  destroy  the  liquid,  to  atomize  it,  and 
thereby  make  the  process  of  combustion  self-accelerating.  To 
this  contributes  the  fact  (which  we  did  not  consider  above) 
that  the  actual  distribution  of  the  concentration  of  the  drops 
in  the  flame  jet  is  not  homogeneous  as  a result  of  the  vortex 
flame  condition.  Therefore,  the  thermal  explosion  can  appear 


356 


In  separate  Isolated  sources.  In  the  same  way  as  this  Is  frequently 
observed  in  gas  turbulent  flames  [l85]*  The  difference  consists 
in  the  hundred  times  higher  local  pressure  increases,  which  appear 
with  the  combustion  of  drop  suspensions ^ The  noted  nonuniformity 
of  the  distribution  leads  to  the  fact  that  the  streams  of  the 
products  of  the  thermal  explosion  will  affect  the  surface  of 
liquid,  disturbing  its  uniformity. 

If  the  time  of  the  development  of  thermal  explosion  is  not 
too  short,  and  it  is  possible  to  disregard  the  outflow  of  gas  from 
the  container  for  the  time  of  the  reaction  (this  means  that 

^ > then  the  pressure  in  the  container  will  take  a 

0 2/"^ 

value  on  the  order  of  p <(p-B  /Ap_)  If  the  initial  pressure 

v;as  much  less  than  p , the  result  of  the  combustion  of  the  suspen- 

B 

sion  will  look  like  an  explosion.  At  high  pressures  the  process 
occurs  in  the  form  of  a flash. 

It  is  very  important  to  pay  attention  to  the  following  fact. 

At  higher  tluan  critical  thermodynamic  pressures,  after  the  heating 
o:‘  the  circps  of  liquid  to  a temperature  higher  than  the  critical 

thei!’  "pulse"  vaporization  with  the  subsequent  combustion 
of  vapors  occurs.  By  the  moment  T^p  is  reached,  it  manages  to 
evapc  „ e a total  of  '^5%  of  the  mass  of  the  drop  [203].  This 
phenomenon  in  many  respects  can  contribute  to  the  transition  of 
the  turbulent  combustion  of  ZhW  to  the  explosion  through  processes 
in  Uie  vapor  phase. 

iJavitatlon  Excitation  of  the  Explosion 
of  ZhVV 

In  wox*k  [2]  Belyayev  advanced  the  hypothesis  according  to 
which  the  dynamic  lowering  in  the  pressure  above  the  burning 
surface  of  the  liquid  can  lead  (through  the  effervescence  of  the 
uln; tance , in  Belyayev’s  view)  to  the  initiation  of  detonation. 

Tne  basis  for  this  assumption  were  the  observations  thiat  the 
combustion  of  methyl  nitrate,  stable  at  1 atm  and  40°C,  converts 
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to  detonation  If  we  lower  the  pressure  In  the  process  of  combustion. 
A further  line  of  reasoning,  in  light  of  contemporary  ideas,  took 
a noncorrespcnding  course  and  there  occurred  the  substitution  for 
-the  question  concerning  the  role  of  rapid  px’essure  relief  of  the 
question  concerning  the  explosion  of  a mixture  of  the  vapors  of 
jnetnyl  nitrate  with  air.  There  Is  a detailed  discussion  of  this 
(the  second)  question  in  Andreyev’s  books  [37 j 38],  and  we  will 
not  dwell  on  it  here. 

We  will  turn  to  the  essence  of  A.  F.  Belyayev's  hypothesis. 

It  has  been  established  by  works  of  recent  years  [212-21^]  that 
comparatively  small  changes  in  pressure  can  cause  cavitation 
and  explosion  in  some  ZhW.  According  to  the  works  of  Gordeyev 
[213],  the  excitation  of  explosion  occurs  during  collapse  of 
sufficiently  large  cavitation  recesses  (caverns).  In  this  case 
■the  basis  of  the  mechanism  is  composed  of  the  heating  and  ignition 
of  the  vapors  of  the  liquid  in  the  mixtui-e  contained  in  a cavern 
with  the  dissolved  gases  as  a result  of  their  rapid  compression, 
^^aking  into  account  that  the  heating  T^/Tq  of  the  vapors  is 
^proportional  to  the  compression  P-,/Pq  to  the  degree  of  (y-1)/Yj 
where  y is  the  poly  tropic  exponent,  it  proves  to  be  advantageous, 
with  this  compression  stress,  for  achieving  a high  final  temper- 
ature T^,  to  have  a small  initial  pressui'e  of  the  vapors  p^ . At 
the  same  time.  If  the  volatility  is  very  low,  the  vapor  pressure 
turns  out  to  be  negligible,  and  the  heating  and  flash  of  the 
vapor  will  be  insufficient  for  the  initiation  of  the  explosion. 

It  is  Important  to  emphasize  [70]  that  the  heating  as  a result 
of  the  compression  of  a chemically  active  gas,  which  the  vapor  of 
an  explosive  is,  is  more  dangerous  than  ttie  compression  of  inert 
gas  pockets,  since  the  temperature  of  the  compressed  reactive 
gas  v/ili  be  higher  a result  of  the  heat  release  from  the  chemical 
reactions . 

The  size  of  the  cavitation  bubble  has  the  greatest  signif- 
icance. The  small  bubbles  are  cooled  so  rapidly  that  the  compres- 
sion of  the  vapors  occurs  virtually  In  isothermal  conditions. 

'o58 


For  the  essential  heating  of  a bubble  with  Inert  gas  it  is  necessary 

■ 4 

[70]  that  the  time  of  the  compression  of  the  gas  t^'\'p/p,  where  p 
is  tlie  rate  of  pressure  buildup,  be  less  than  the  cooling  time  t^: 


ilere 
_a  - tho 
11  umber 


is  the  temperature  conductively  contained  in  the  bubble; 
average  value  of  the  diameter  of  the  bubble;  Nu  - Nusselt 
for  the  heat  emission  from  the  bubble  into  the  liquid. 


-1;  q _1 

With  d'vlO  cm  it  is  necessary  to  have  ^/p>10  s , l.e., 

-T ompression  niust  occur  for  an  extremely  short  time.  The  heating 

( Y-l ) Y 

of  the  compressed  gas  is  T^/Tq=(p^/Pj^)  ' . The  condition 

cl'  the  thermal  explosion  of  the  I’eactive  gas  in  the  first  approx- 
li;.ation,  takes  the  form 


2/n%  Nu)cxi.(-  E/JIT,)  > i, 

wi.ore  k,,  Is  the  pre-exponent;  Q,,  is  the  thermal  effect  of  the 
c.he.'Mical  transformation;  d - the  size  of  the  caverns;  ~ 
tne  vapor  density  of  ZhW  in  the  bubble-cavern  which  is  proportional 
to  tlio  vapor  pressure  Pq  . One  should  consider  that  ’ 

v/liei^e  and  are  constants  of  this  substance  and  T^  is  the 
a'usolute  temperature. 


Thu.s  , as  a function  of  the  volatility  of  the  liquid  and 
the  kinetics  of  the  reaction  of  its  vapors  there  is  a critical 
dliMcnoion  of  the  cavitation  bubble  which  can  become  the  source 
of  the  initiation  of  the  explosion  with  this  compression  of  the 
bubble.  Gordeyev  indicates  [213]  that  any  explosive  liquid  can 
he  exploded  with  the  collapse  in  it  of  a cavitation  bubble, 
the  -Initial  size  of  which  is  equal  to  the  critical  value  or 
exceeds  it.  However,  practically,  in  view  of  the  difference  in 
th'..-  physicochemical  properties  of  the  liquids,  they  all  cannot  be 
Initialed  by  cavitation.  Substances  which  have  low  speeds  of 
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reaction  oi  the  vapors,  a very  low  or  too  high  a volatility  are 
characterized  by  such  large  critical  dimensions  of  the  cavitation 
bubble  which  virtually  cannot  arise. 

Gordeyev  and  Matveyev  studied  [215]  the  initiation  of  an 
■^explosion  by  ca\itation  (at  1 atm)  of  the  following  ZhW : nitro- 

glycerin (NG)  [HfLi],  tetranltromethane  (TNM)  [THIi]  nitromethane 
(t'M)  [HTi],  solutions  of  benzene,  heptane,  methanol  in  TNM,  a 
solution  of  methane  in  liquid  oxygen  (at  the  boiling  point  of 
nitrogen)  and  a heterogeneous  system  of  solid  acetylene-liquid 
oxygen  (also  at  the  boiJ.ing  point  of  nitrogen).  An  original 
procedure  was  developed  for  creating  large  cavitation  rece...5es, 
which  made  t possible  for  the  first  time  to  study  the  phenomena 
in  detail.  A test  tube  was  utilized  with  a fitted  piston  under 
wiilch  the  investigated  substance  was  introduced.  A liquid  seal 
in  the  foi“m  of  a coniform  funnel  filled  with  the  explosives  made 
it  possible  to  Insulate  the  liquid  under  the  piston  from  the  effect 
of  atmospheric  pressure  for  several  milliseconds.  The  rapid 
--extraction  of  the  piston  creates  a teijslle  stress  in  the  liquid, 
the  compactness  of  the  explosives  is  disturbed,  and  caverns  are 
formed^.  An  explosion  was  excited  with  the  collapse  of  the  ( avlta- 
tion  bubbles  in  the  solutions  of  benzene  or  heptane  in  tetranltro- 
methane. In  technical  NG  it  was  possible  to  excite  explosions  by 
applying  a piston  with  a tapered  point. 

Study  of  the  effect  of  the  initial  temperature  [2151  gave 
the  following  results.  A solution  of  benzene  in  TNM  at  a 
temperature  of  less  than  10*^0  and  up  to  the  temperature  of  pre- 
eij Station  of  the  crystal  residue  constantly  produced  explosions. 


Is  necessary  to  note  that  the  tensile  strength  of  liquids 
very  strongly  depends  on  the  content  of  the  dissolved  gases.  In 
this  case  the  saturation  of  the  liquid  by  the  gas  sharply  lowers 
its  strength  and  contributes  to  cavitation. 


360 


At  20°C  excitation  of  the  explosion  occurred  in  one  third  of 
the  experiments.  The  pressure  of  vapors  Pg  is  at  20°C,  Pq^^O  mm  Hg 
and  at  10°C,  Pq®17  mm  Hg.  An  increase  in  the  temperature  up  to 
A0°C  (pg=70  mm  Hg.)  decreased  the  excitation  frequency  of  an 
explosion  to  3/20.  At  60°C  (pg=l60  mm  Hg)  not  one  of  the  20 
experiments  produced  an  explosion.  The  solution  of  heptane  in 
TNM  routinely  exploded  at  a temperature  less  than  2°C  (Pq=3  mm  Hg.) 
At  20°C  (pg®li|  mm  Hg)  the  frequency  of  explosion  was  2/50, 
and  at  40°C  (pg=200  mm  Hg)  not  one  of  the  100  experiments  produced 
explosions.  The  solution  of  methanol  in  TNM  turned  out  to  be 
insensitive  to  the  cavitation  excitation  of  explosion  in  the 
, temperature  range  10-50°C  (pg=A0-280  mm  Hg) . 

lixperlments  were  carried  out  on  technical  and  purified  MG 
at  elevated  temperatures.  There  is  great  Interest,  both  from 
tlic  theoretical  and  the  practical  point  of  view,  in  the  face  that 
purified  NG,  in  spite  of  a very  low  vapor  pressure  (less  than 
0.‘3  mm  Hg)  , routinely  produced  explosions.  The  technical  product 
at  70*^0  exploded  in  two  experiments  of  the  twenty,  but  at  lower 
toiuperatures  it  was  insensitive  to  cavitation  excitation. 

Undoubtedly,  there  the  kinetic  side  of  the  process  was 
revealed  here:  the  vapors  of  the  purified  nitroglycerin  easily 

pi'ociuced  a thermal  explosion  as  a result  of  their  high  reactivity. 
As  concerns  the  contaminated  product,  developing  a thermal 
explosion  in  its  cavitation  recesses  requires  that  the  initial 
temperature  of  product  be  raised  at  least  to  70°C.  An  Important 
observation  is  [215]  that  the  purified  HG,  after  the  exposure 
of  the  surface  of  the  liquid  in  air  for  several  hours,  becomes 
insensitive,  while  the  pressure  of  its  vapors  is  raised. 

The  cavitation  mechanism  of  the  excitation  of  the  explosion 
!:iu::t  be  considered  as  one  of  the  causes  of  the  explosions  of  liquid 
explosives  during  careless  ignition,  especially  with  experimental 
ZhVV  for  combustion  in  a closed  volume.  A free-burning  Igniter, 
as  well  as  a flash  of  the  thick  thoroughly  warmed  layer  of  the 
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explosives,  gives  rise  to  acoustical  oscillations  whose  propagation 
can  cause  the  cavitation  of  the  liquid  and  contribute  to  the 
explosion  of  the  charge. 

We  will  again  turn  to  Belyayev's  work  on  the  excitation  of 
an  explosion  of  methyl  nitrate  [2],  and  also  to  the  supplemental 
work  of  Andreyev  [37].  It  was  established  that  the  Ignition 
of  the  vapors  of  methyl  nitrate,  and  also  a mixture  of  the  vapors 
with  air  with  a content  of  methyl  nitrate  of  more  than  70?  produces 
a powerful  explosion.  Moreover,  it  was  also  possible  to  produce 
an  explosion  of  the  liquid  methyl  nitrate  Itself  with  the  Ignition 
of  the  vapor-alr  mixture  above  the  surface  of  the  liquid.  Examining 
the  results  of  these  experiments,  Andreyev  [37]  notes  that  the 
explosion  of  the  gaseous  vapors  is  able  to  create  a small,  but 
sufficient  for  the  initiation  of  detonation,  rise  In  pressure. 

It  would  be  possible  to  assume  that  the  Jump  in  pressure  created 
by  the  gas  explosion  creates  the  acoustic  fluctuations  of  the 
liquid,  its  cavitation,  and  the  excitation  of  the  explosion  by 
the  mechanism  described  above. 

However,  there  are  experimental  observations  which  show  that 
the  excitation  of  an  explosion  can  occur  In  another  way.  Thus, 
we  conducted  the  combustion  of  nltroglycol  under  conditions  of 
a bomb  of  a small  ('^'200  cm  ) constant  volume.  Nltroglycol  was 
placed  in  beakers  with  a diameter  of  5 and  a height  of  30  mm. 

With  the  ignition  of  the  explosive  from  a charge  of  black  powder, 
which  burned  for  a time  on  the  order  of  50  milliseconds,  we 
routiriely  obtained  an  explosion  of  entire  charge  above  the  surface 
of  ZhVV.  However,  it  was  sufficient  to  shield  the  surface  of 
the  liquid  by  a layer  of  nltroglycol  gelatin  or  to  place  a 
translstion  2ayer  from  the  slowly  burning  nitroglycerin  powder, 
as  the  excitation  of  normal  burning  occurred.  But  if  the  spiral 
was  placed  deep  into  the  liquid,  an  explosion  occurred  again. 

Is  the  absence  of  special  experiments  it  is  not  possible  to  deny 
the  probability  of  the  cavitation  excitation  of  an  explosion. 
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However,  the  stabilizing  role  of  a thin  layer  of  gelatin  is 
insufficiently  clear.  Apparently,  gelatin  Impeded  the  destruction 
of  the  surface  by  the  streams  of  the  products  of  the  combustion 
of  the  igniter.  The  question  concerning  the  role  of  cavitation 
in  the  process  of  the  excitation  of  an  explosion  and  the  propaga- 
tion of  low-speed  detonation  processes  ZhW  Is  minutely  examined 
in  works  [122,  212,  21^1,  215,  21?].  The  mechanism  of  the  excita- 
tion of  an  explosion  through  cavitation.  In  view  of  the  weak 
impulses  necessary  for  its  accomplishment  apparently  one  Is  of 
the  most  widely  accepted  ways  of  achieving  the  transition  of 
combustion  of  ZhW  to  explosion.  Unfortunately,  at  present  there 
are  no  experimental  studies  of  Its  realization  under  varied 
conditions  of  combustion. 

The  turbulent  combustion  of  ZhW  beyond  the  stability  limit, 
ac  we  noted  above,  leads  to  the  initiation  of  vortices  In  the 
raoeous  phase.  If,  as  a result  of  those  or  other  reasons,  the 
c.toady  state  of  vortex  formation  is  disrupted,  the  rarefaction 
wave  fi'om  the  gaseous  phase  will  go  into  the  liquid.  However, 
the  pressure  of  the  initiation  of  turbulent  combustion,  as  a 
rule,  is  10  atm  and  more.  As  a result,  the  essential  compression 
of  the  cavitation  bubbles  is  difficult  to  achieve  and  this  makes 
the  cavitation  mechanism  of  the  excitation  of  an  explosion  through 
the  pulsations  of  pressure  in  the  combustion  products  only  slightly 
probable.  At  the  same  time,  some  quick-burning  liquids  which 
produce  excited  combustion  at  low  pressures  (methyl  nitrate, 
mixtures  of  tetranltromethane  with  a number  of  hydrocarbon  fuels), 
call  prove  to  be  the  objects  of  a cavitation  explosion. 

j ^19-  Transition  of  the  Combustion 
of  ZhW  at  High  Pressures  to  Explosion 

The  thorough  investigation  of  Dubovitskiy  and  Bachman  [191] 
of  the  transition  of  the  combustion  of  a number  of  nitroesters 
at  high  pressures  to  detonation  is  the  only  work  on  this  problem, 
bombs  of  constant  pressure  were  used,  which  made  it  possible  to 
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conduct  the  experiments  at  pressures  of  up  to  800  atm.  Two  drum 
phctorecorders  (for  the  low-speed ‘'and  detonation  explosive 
processes)  provided  the  photorecording  of  the  dynamics  of  the 
combustion.  Furthermore,  the  authors  of  work  [191]  utilized 
high-speed  (2-4  thousand  frames  per  second)  filming.  Let  us 
consider  some  results  of  this  work. 

1.  It  was  established  that  ’’the  transition  of  the  combustion 
of  methyl  nitrate  to  detonation  (combustion  in  thin-walled  glass 
tubes  with  an  inside  diameter  of  5 and  a height  of  hQ=20  mm) 
is  observed  only  in  the  range  of  pressures  70<p<350  atm,  above 
3'30  :itm  and  up  to  800  atm  only  combustion  at*  the  speed  of  several 
meters  per  second  occurred". 

The  combustion  of  nitroglycol*  at  pressures  higher 
than.  30  atm  occurred  in  two  stages.  If  the  first  of  them  was 
characterized  by  a sharp  photoregistration  front,  and  as  a whole, 
by  the  relative  constancy  of  the  speed  relative  to  the  height  of 
a liquid  cclu.^in,  then  at  the  second  stage, which  occurred  only 
v;lt;i  .u,,>^0-60  m."!,  either  a combustion  mode  different  from  the 
first  appeared  or  detonation  abruptly  occurred. 

3.  It  was  established  that  the  transition  of  almost 

_ -3 

uniform  combustion  to  explosion  occurs  in  a time  of  £10  s, 

Vihich  corresponds  to  the  combustion  of  a layer  of  nitroglycol 
1-1  mm  thick. 

3,  V.'lth  heights  of  the  charge  less  than  a certain  limiting 

detonation  never  occurred,  while  with  h>h,(  the  probability 
cf  its  excitation  no  longer  depended  on  the  height  but  Increased 
v;ith  an  increase  in  the  diameter  of  the  charge  d and  in  the  pressure 


a]  orouu  ovsorvations  were  also  made  during  the  study  of  the 
camk)  ;3 tion  of  methyl  nitrate  and  nitroglycerin. 
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However,  the  stabilizing  role  of  a thin  layer  of  gelatin  is 
insufficiently  clear.  Apparently,  gelatin  impeded  the  destruction 
of  the  surface  by  the  streams  of  the  products  of  the  combustion 
of  the  igniter.  The  question  concerning  the  role  of  cavitation 
In  the  process  of  the  excitation  of  an  explosion  and  the  propaga- 
tion of  low-speed  detonation  processes  ZhW  is  minutely  examined 
in  works  [122,  212,  2l4,  215*  21?].  The  mechanism  of  the  excita- 
tion of  an  explosion  through  cavitation,  in  view  of  the  weak 
Inpulses  necessary  for  its  accomplishment  apparently  one  Is  of 
the  most  widely  accepted  ways  of  achieving  the  transition  of 
combustion  of  ZhW  to  explosion.  Unfortunately,  at  present  there 
are  no  experimental  studies  of  its  realization  under  varied 
conditions  of  combustion. 

The  turbulent  combustion  of  ZhW  beyond  the  stability  limit, 
a:-  \’ie  noted  above,  leads  to  the  initiation  of  vortices  in  the 
gaseous  phase.  If,  as  a result  of  those  or  other  reasons,  the 
steady  state  of  vortex  formation  is  disrupted,  the  rarefaction 
v/ave  fi'on  the  gaseous  phase  will  go  Into  the  liquid.  However, 
the  pr‘)ssure  of  the  initiation  of  turbulent  combustion,  as  a 
rule,  is  10  atm  and  more.  As  a result,  the  essential  compression 
of  the  cavitation  bubbles  is  difficult  to  achieve  and  this  makes 
the  cavitation  mechanism  of  the  excitation  of  an  explosion  through 
the  pulsations  of  pressure  in  the  combustion  products  only  slightly 
probable.  At  the  same  time,  some  quick-burning  liquids  which 
produce  excited  combustion  at  low  pressures  (methyl  nitrate, 
mixtures  of  tetranltromethane  with  a number  of  hydrocarbon  fuels)  , 
jati  prove  to  be  the  objects  of  a cavitation  explosion. 

j >19.  Transition  of  the  Combustion 
of  ZiiVY  at  High  Pressures  to  Explosion 

The  thorough  investigation  of  Dubovltskly  and  Bachman  [191] 
ol‘  the  transition  of  the  combustion  of  a number  of  nltroesters 
at  iiigh  pressures  to  detonation  is  the  only  work  on  this  problem. 
Bombs  of  constant  pressure  were  used,  which  made  it  possible  to 
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Or.  a section  of  20-30  d the  velocity  Is  usually  sufficiently 
constant  relative  to  height,  while  the  fading  of  the  process  was 
never  observed. 

7.  In  separate  experiments  in  wide  (d>5  mm)  test  tubes  the 
branching  of  the  leading  slightly  glowing  wave  was  observed, 
which  exited  with  a velocity  of  700-750  m/s  (against  400-500  m/s 
in  the  primary  front)  and  which  formed  an  area  of  weak  brightness 
in  front  of  the  primary  detonation  front.  In  one  of  the  experi- 
ments, the  branching-off  wave,  after  reflection  from  the  bottom 
of  the  test  tube,  caused  the  detonation  of  the  charge,  which  was 
alv/ays  spreading  at  the  same  velocity,  400-500  m/s,  towards  the 
primary  front. 

S.  The  thickening  and  strengthening  of  the  walls  of  the  test 
t,.r.  rj  .iiu  riot  affect  the  celling  of  the  appearance  of  detonation, 

.:i.:  ;ict  change  the  rate  of  the  almost  uniform  combustion;  but 
: i ■;oab  ly  increased  f >e  rate  of  the  unsteady  detonation,  as 

as  tne  squeosing  of  tne  lead  column  which  was  laid  under 
tnv  cent  tube  to  provide  evidence  of  the  intensity  of  the 
as  i ve  process. 

V/e  will  turn  to  the  Interpretation  of  the  results.  According 
to  t;.e  point  of  view  of  the  authors  [191],  with  the  combustion 
of  Z'T'.T'J  beyond  stability  limit  "the  conditions  necessary  for  the 
■appearance  of  detonation  can  be  created  in  separate  very  s.:iall 
V.  lo:-:es  of  liquid  explosives  located  near  the  combustion  front". 

r.no'.f,  the  results  of  the  high-speed  filming  of  the  combustion 
ai'O  presented,  v;hlch  demonstrate  the  existence  of  the  greatly 
: -.nt  (usually  cone-shaped)  flame  front.  Since  the  dynamic  pressure 
c.-.'j  combustion  products  of  ZhW  ebbing  from  the  bent  surface 
u:.i'.-'to  equalize  a very  large  liquid  column,  and  in  view  of 
C:.--  .■...c.ur,  1 f'orn.  nature  of  ignition,  the  asymmetric  displacement 

liquid  fror;  the  test  tube  and  the  formation  of  a bent  front 
, ; .::;busticn  is  a natural  corollary.  Further,  a parallel  is 

between  the  excitation  of  detonation  with  a shock  and  the 
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frictions  from  the  local  sources  of  heating  and  by  the  process 
of  the  unsteady  combustion  of  the  liquid.  It  is  assumed  that 
as  a result  of  the  great  bend  of  the  combustion  front,  Isolated 
volumes  of  high-temperature  combustion  products  can  be  formed 
in  front  of  it.  The  development  of  combustion  within  this  volume 
Increases  the  pressure  and  the  temperature.  If  they  have  time 
to  achieve  sufficiently  high  values  before  the  destruction  of 
the  source,  the  emergence  of  detonation  is  possible. 

V.’e  will  discuss  briefly  those  views  which  were  developed  in 
work  [191]  itself.  In  light  of  current  data,  it  is  possible 
to  make  some  additions. 

The  nature  of  the  detonation  processes  of  the  ZhW,  which 
wei*e  observed  in  work  [I9I],  provides  a basis  for  an  assumption 
about  the  leading  role  of  a cavitation  type  of  process.  Specifi- 
cally, this  is  indicated  by  the  powerful  effect  of  the  thickness 
of  shell  on  the  rate  of  the  process. 

'■’.•om  our  point  of  viev;,  the  source  of  the  acoustic  Jolts 
of  the  test  tube  with  ZhW  is  the  sound  vibrations,  which  appear 
v;ith  the  discharge  of  the  combustion  products  from  the  test  tube. 

The  thickening  of  the  wall  of  the  test  tube,  the  setting  of  the 
test  tube  Into  a steel  shell  - all  this  contributes  to  the  trans- 
mission of  the  sound  vibrations  from  the  opening  of  the  tube  into 
the  liquid.  With  h'v5  cm,  Pq=200  atm(abs.)  u^=80  cm/s,  p^=1.5  g/cm-^ , 
the  oscillation  frequency  will  be  f'vu2/h==700  Hz.  The  acoustic 
jolts  of  nltroglycol,  apparently,  create  small  cavitation  bubbles, 
the  continuity  of  the  liquid  is  disturbed,  and  the  process  of 
combustion  becomes,  in  the  known  sense,  similar  to  the  combustion 
of  porous  powder-like  charges.  A comparison  of  the  observations 
made  in  work  [191]  with  the  results  of  the  study  of  low-speed 
detonation  processes  [122,  212]  reveals  much  in  common. 
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The  photorecording  of  the  work  in  [191]  can  be  Interpreted 
as  proof  of  the  uneven,  cellular  structure  of  flame  front.  In 
this  case  the  characteristic  dimension  of  the  separate  cells 
proves  to  be  of  the  order  0.2-0. 5 mm  (at  pressure  350  atm). 
Utilising  data  from  Tables  19  and  20,  and  taking  into  account 
that  the  critical  pressure  in  nltroglycol  is  equal  approximately 
to  17  atm,  we  find 


which  corresponds  to  the  experiment. 


It  is  indisputable  that  the  method  of  ignition  exerts  a 
great  effect  on  the  recorded  mode  of  the  propagation  of  the 
unstable  combustion  mode.  Only  the  use  of  transient  charges  from 
the  normally  burning  substances  makes  it  possible  to  avoid  the 
effect  of  the  powerful  disturbance,  which  is  the  process  of 
ignition,  on  the  detailed  picture  of  the  development  of  combustion, 
since  in  the  distant  supercritical  area  of  combustion  the  powerful 
disturbances  are  not  able  to  be  damped. 

The  critical  height  of  the  charge,  which  was  discovered  in 
vv'ork  [191],  lower  than  which  detonation  did  not  appear,  can  be 
iientifled  with  the  height  of  the  combustion  of  the  suspension 
of  drops  of  the  liquid  raised  from  the  surface.  In  that  case 
the-  combustion  time  of  the  suspension,  with  h^j=5  cm,  x '^^h/u-  = 

=hp.,/(  pu)  ^ = 9 • i0“^  s.  With  the  diameter  of  a drop  on  the  order 

'''■.0  mm  (the  wavelength  of  the  most  rapidly  growing  disturbance), 
one  rate  of  combustion  of  the  drop  Is  0 ~ 20  cm/s.  Extrapolation 
of  the  normal  rate  of  combustion  of  nltroglycol  up  to  200  atm 
rives  u^=S.2  cm/s.  The  calculation  of  the  heating  of  the  drop 
not  make  a decisive  change  in  this  figure.  Thus,  it  is 
,o..'.:!'ole  to  assume  that  elgher  the  crushed  drops,  whose  size  is 
I thin  9^^,  enter  into  the  gaseous  phase,  or  that  the  mechanism 
lh“Ir  combustion  is  not  thermal  conductive,  but  explosive. 
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In  favor  of  the  assumption  regarding  the  excitation  of  the  detona- 
tion of  the  explosives  through  a thermal  explosion  of  the  suspension 
of  drops  In  the  gaseous  phase,  there  Is  also  the  fact  of  the 
effect  of  the  diameter  of  the  charge  on  the  detail  of  the  detona- 
tion, whlclji'^ls  characteristic  for  the' "collective  effect"  of 
the  thermal  explosion  of  the  aggregate  of  the  particles.  Let  us 
note  that  the  height  of  the  charge  affects  the  excitation  frequency 
of  the  detonation  Independently  of  the  diameter  of  charge,  which 
does  not  contradict  formula  (108)  (see  also  § 48). 

The  abrupt  nature  of  the  appearance  of  detonation  agrees 
with  the  hypotheses  regarding  the  development  of  an  explosion 
through  the  thermal  explosion  of  the  particles  of  the  explosive 
and  of  the  intermediate  products  of  combustion  In  the  gaseous 
phase,  under  conditions  when  the  initial  liquid  is  prepared 
by  jolts  of  the  test  tube  by  acoustic  vibrations  generated  by 
the  discharge  of  the  combustion  products.  It  is  possible  to 
identify  the  branching  wave  departing  ahead  of  the  primary 
front  with  the  propagation  of  the  cavitation  front,  and  the  weak 
brightness  with  the  heating  of  the  cavitizing  bubbles.  Current 
methods  of  study  would  Indisputably  be  able  to  be  introduced 
certainty  into  this  question. 

It  is  appropriate  to  remember  the  following.  Leypunskly 
and  r'.orotkov  conducted  the  combustion  of  nltroglycol  at  pressures 
jp  to  2000  atm  and  established  that  with  the  careful  pumping 
out  of  the  dissolved  air  from  the  liquid,  the  combustion  occurs 
v;ithout  transition  to  explosion  or  detonation  and  has  a rate  of 
the  order  of  several  meters  per  second.  Since  in  their  experiments 
heypunckiy  and  Korotkov  used  a manometer  bomb,  ignition  was  con- 
Jucted  at  low  pressures,  which  indisputably  contributed  (together 
with  'the  removal  of  air  bubbles)  to  the  elimination  of  external 
lio turbances  and  to  an  increase  in  the  tensile  strength  of  the 
2h’7'/  and,  as  a result,  to  an  Increase  in  the  stability  of  the 
turbulent  combustion. 
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Everything  that  has  been  said  does  not  eliminate  the 
possibility  of  the  development,  under  adequate  conditions,  of 
detonation  from  a source  of  the  combustion  formed  within  the 
liquid.  The  question  consists  only  of  how  the  source  is  created. 

A beautiful  example  of  the  significant  mechanism  of  excitation 
of  the  detonation  of  ZhW  is  presented  by  I.  A.  Voskoboynlkov' s 
experiments  (IKhF  AN  SSSR,  1962)  which  were  conducted  on  a 
stoichiometric  mixture  of  tetranltromethane  and  nitrobenzene. 

A drop  of  metallic  sodium,  which  was  put  into  the  test  tube  with 
the  mixture  served  as  the  source  of  ignition.  A photorecording 
shows  that  low-speed  combustion  initially  appears  near  the  drop 
of  sodium.  The  inertial  forces  provide  for  a short  time  ('\'50  ps) 
the  possibility  of  the  development  within  the  mixture  of  an 
insulated  center  of  combustion  of  the  mixture  of  TNM  with  nitro- 
benzene makes  it  possible  for  disturbed  combustion  to  develop  at 
those  low  pressures  (2-5  atm)  and  short  times  which  characterize 
the  given  experiment.  As  the  photorecording  of  the  process  shows 
a detonation  wave,  which  occurs  at  a rate  on  the  order  of  7000  m/s 
appears  in  the  mixture.  This  experiment  visually  demonstrates 
the  possibility,  in  principle,  of  the  emergence  of  detonation 
from  an  insulated  center  of  combustion  within  liquid  explosives, 
although  for  a final  solution  to  the  question  supplementary 
Investigations  are  necessary. 
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§ 50.  The  Combustion  of  Two-Phase  Systems 

In  work  [2l8]  the  experimental  and  theoretical  study  of  the 
combustion  of  the  simplest  model  of  a two-phase  porous  charge  - 
slotted  charge,  was  conducted.  The  slotted  charge  consisted  of 
two  plane-parallel  plates  between  which  the  liquid  was  filled. 

One  of  the  plates  (or  both)  was  prepared  from  powder.  With 
normal  combustion  the  liquid  impedes  the  penetration  of  the  flame 
Into  the  clearance,  and  the  powder  plate  burns  from  the  end. 

Under  specific  conditions  the  flat  surface  of  the  liquid  becomes 
unstable,  waves  appear  on  it,  and  drops  and  streams,  which  are 
taken  away  by  the  flow  fo  the  combustion  products  are  formed. 

The  revealed  fresh  sections  of  the  powder  plate  are  ignited,  and 
the  combustion  is  spread  into  the  depth  of  the  slot.  The  described 
picture  reminds  one  of  the  turbulent  combustion  of  liquid  explosives 
with  the  difference  being  that  the  energy  source  in  this  case  is 
ti’ - combustion  of  the  exposed  part  of  the  lateral  surface  of  the 
.:Iot.  The  theory  of  turbulent  combustion  of  the  slotted  charge 
oi‘  the  powder  filled  with  liquid  is  formulated  [219]  analogous 
with  the  uheory  of  the  turbulent  combustion  of  liquid  explosives. 

Theory  of  Combustion  of  Two-Phase  Systems 

The  following  model  of  turbulent  combustion  is  accepted. 

The  pulsations  of  the  rate  of  combustion  products,  equal  in  order 
of  magnitude  to  the  average  flow  rate  of  the  gas,  cause  pulsations 
of  the  rate  of  the  liquid.  The  revealed  surface  of  the  plates 
1;:  instantly  Ignited.  The  rate  of  turbulent  combustion  in  the 
first  approximation  is  equal  to  the  pulsating  rate  of  motion  of 
tiie  liquid.  Upon  transition  of  the  turbulent  motion  from  the 
j’;as  into  the  liquid,  the  pulsations  of  pressure  (but  not  rate) 
are  retained;  therefore,  the  boundary  condition  on  the  burning 
;:urface  takes  the  form 


(109) 
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where  is  the  pulsating  rate  in  the  liquid;  W2  - pulsating  gas 
rate;  p,  - density  of  the  liquid;  - gas  density;  C - scale  of 
turbulence;  a - coefflclenL  of  surface  tension;  g - acceleration 
wf  gravity;  n - viscosity  of  the  liquid;  6 - width  of  gap  of  slot; 
k-5,  - coefficients. 

The  pulsating  rate  of  tnc  gas  flow,  which  has  the  scale  Is 
proportional  to  the  rate  of  gas  flow  at  this  distance  from  the 

surface  . 1 . e^.  , - 


(109  a) 

_wliei'e  Kq  Is  the  coefficient;  J - the  mass  rate  of  combustion  of 
Uie  powder. 

Al’ter  substituting  formula  (109a)  into  equation  (109),  we 
will  obtain  the  equation 

, 6)', ! 'u  ■ = Ojl  > £ -]■  /'jS,  f -J-  -p  16/6*,  (110) 

n=l  or  2 - the  quantity  of  powder  plates. 

Actually  there  Is  a whole  spectrum  of  pulsations.  The 
development  of  pulsations  with  a different  wavelength  ? occurs  at 
a different  rate.  The  rate  of  turbulent  combustion  Is  determined, 
first  of  all,  by  the  pulsations  which  are  developed  at  a maximum 
rate.  An  analysis  of  equation  (109)  shows  that  with  an  Increase 
in  C the  pulsd:.lng  rate  is  continuously  increased;  therefore,  the 
most  Important  for  our  purposes  are  pulsations  with  the  maximum 
length  of  the  wave,  i.e.,  with  C=L,  where  L is  width  of  the  slot. 
After  substituting  h for  ^ into  equation  (109),  we  will  obtain  the 
quadratic  equation  relative  to  W^,  from  which  as  a function 
of  pressure,  dimensions  of  the  slot  and  rate  of  combustion  of  the 
powder  Is  determined.  The  critical  condition  of  the  emergence 
of  turbulenc  combustion  ensues  from  equation  (110)  with  f|=L  and 
W^=0. 
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With  the  sufficiently  large  diameter  of  the  charge  L 


(111) 

[condition  (111)  is  fulfilled  with  L>5  mm]  the  expression  for  the 
boundary  of  transition  from  the  laminar  to  turbulent  combustion 
mode  takes  the  form 


n*J*/pj  : (A*j/A‘j)  (pj).  (112) 

After  substituting  J=Bp'^  and  p2*ap  into  this  expression,  we  obtain 
the  critical  pressure  of  the  transition 

(113) 

In  the  solution  to  equation  (110)  it  is  possible  to  isolate 
two  limiting  cases.  In  the  case  of  the  relatively  low  speeds  of 
turbulent  combustion  the  last  term  in  the  first  part  of  equation 
(110)  considerably  exceeds  the  first  term,  i.e.,  the  viscous 
forces  is  more  than  the  Inertial 


with 


Wj,  = - Cpig6'/T] 


(114) 


Pj.Pj6Jrt/ii  < 1. 


(115) 


Here 


A = C - kJf:,. 

if  it  is  possible  to  disregard  the  viscous  forces  in  comparison 
with  the  inertial  and  gravitational  forces  in  the  case  of  very  high 
rates  of  turbulent  combustion,  then 


VKi  = koJLn/6 


373 


with 


h V f^2  1) 


- Experiments  in  [2l8]  were  conducted  in  the  bomb  of  constant 
pressure  in  the  atmosphere  of  nitrogen.  The  charge  consisted  of 
two  plane-parallel  plates  between  which  liquid  was  filled.  One 
of  the  plates  was  of  powder  and  the  second  - plexiglass,  through 
which  the  filming  was  produced,  or  the  recording  on  a moving- 
linage  camera  occurred.  The  width  of  plates  was  10  to  37  mm, 
height,  60  mm,  thickness,  2 mm,  and  the  clearance  between  the  plates 
O . 1-0 . 8 mm.  It  was  established  that  the  combustion  of  this  charge 
can  pass  both  in  the  normal  mode  when  the  presence  of  the  slot, 
filled  with  liquid,  does  not  affect  the  rate  of  combustion  of  the 
charge,  and  also  in  the  turbulent  mode  when  the  flame  rate  many 
times  exceeds  the  normal  rate. 


The  fl!’ming  and  photorecording  showed  that  in  identical 
experimental  conditions  the  value  of  the  turbulent  rate  is  repeated 
from  one  experiment  to  the  next  and  does  not  depend  on  the  length 
of  the  charge. 

Investigated  j.n  [218]  was  the  dependence  of  the  rate  of 
combustion  of  the  slotted  charge  of  the  nitroglycerin  powder 
_(uj^=0.Hj  p ^ ^ cni/s  with  1 kg/cm  <p<150  kg/cm  ) on  pressure  In 
the  bomb.  The  clearance  between  the  plates  was  filled  with  water. 
l':soimateG  show  that  in  these  experiments  condition  (115)  was 
always  satisfied;  therefore,  with  the  experiment  it  is  necessary 
tj  compare  the  theoretical  value  of  rate  of  combustion  computed 
according  t<:  formula  (11^)  with  n=l.  The  constant  coefficients 
A and  C,  which  enter  into  formula  (113),  were  determined  in  the 
following  way. 

In  accordance  with  equation  (lli|)  all  the  experimental  results 

2 

were  plotted  (Fig.  122)  in  the  dimensionless  coordinates  W,n/p-,g6 
2 2 -L  1 

and  LJ  /p^p.^g6  and  lay  on  one  straight  line.  The  coefficient  A is 
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Figure  122  Figure  123 

Figure.  122.  Generalized  curve  for  the  rate  of  turbulent  combus- 
tion of  slotted  charges  1 - 6=37  mm,  L=0.37  mm;  2 - 6=20  mm,  L=0.2 
inm;  3 - 6 = 20  mm,  L=0.37  mm;  4 - 6=10  mm^L=0.2  mm;  5 - 6=10  mm, 

L=0.37  mm. 

Figure  123.  Dependence  of  the  rate  of  turbulent  combustion  on  the 
clearance  of  the  slot  1 - L=10  mm,  p=100  atm;  2 - L=20  mm,  p=60  atm. 


equal  to  the  tangent  of  the  slope  angle  of  th^-  straight  line. 

-li 

Calculations  give  the  value  A=3*10  . The  coefficient  C is  deter- 

mined by  the  value  of  the  segment  intercepted  by  the  straight  line 
on  the  axis  of  the  ordinates  is  equal  to  3*10 


An  increase  in  the  clearance  (Fig.  123)  and  also  an  increase 
In  the  viscosity  of  the  liquid  lead  to  a decrease  In  the  rate  of 
turbulent  combustion,  while  an  Increase  in  the  width  of  the  slot 
produces  an  Increase  in  the  rate. 


V cm/s 


Figure.  12^.  Experimental 
dependences  of  the  rate  of 
turbulent  combustion  on 
pressure  for  powders  with 
variable  v greater  and  less 
than  0.5. 
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From  an  analysis  of  equations  (110)  and  (ll4),  it  follows 
that  with  the  combustion  of  the  slotted  charges  of  the  powder  with 
v>0.5  the  turbulent  combustion  mode  begins  when  the  pressure 
exceeds  the  critical  value.  With  a further  growth  in  pressure  an 
“Increase  in  the  rate  of  turbulent  combustion  occurs.  But  if  v<0.5, 
then  the  theory  predicts  that  the  turbulent  mode  must  begin  with  a 
lowering  of  the  pressure  lower  than  the  critical  value,  and  the  rate 

-of  tui’bulent  combustion  must  be  Increased  with  a decrease  in  the  

pressure.  This  conclusion  of  theory  was  checked  experimentally. 

Figure  124  gives  dependences  of  the  rate  of  combustion  of  the 
slotted  charge  on  pressure.  Curve  1 refers  to  the  powder,  the 

-rate  of  combustion  of  which  Is  determined  by  expression  U-,  = 

0^8 

=0 . bt  p ’ om/s  at  10  atm  <p<l40  atm,  and  curve  2 - to  the  powder 
0 IT 

v;ith  u^=0 . 32’  P ’ cm/s  at  15  atm  <p<l40  atm.  In  the  Interval  of 
- pi'essui'es  from  1 to  10-15  atm  the  value  v varied  from  1 to  0.28 
for  the  first  povjder  and  fi-om  0.8  to  0.17  for  the  second. 

'I'ho  experimental  dependences  given  on  Fig.  124  qualitatively 
agree  vjith  Ih.e  conclusions  of  the  theory.  At  low  pressures, 
since  v>0.5»  an  increase  in  the  rate  of  turbulent  combustion  with 
an  increase  in  the  pressure  occurs,  and  at  high  pressures  (v<0.5) 
the  turbulent  combustion  is  attenuated  with  an  Increase  in  pressure. 

As  regards  the  measured  values  of  the  turbulent  rate,  they 
v/ere  below  the  calculated  values.  This  is  explained  by  the  fact 
that  here  the  slot  was  filled  with  kerosene,  which,  unlike  water, 
v;ets  the  powder.  Therefore,  formed  on  the  surface  of  powder  is 
the  liquid  film  the  thickness  of  which  depends  on  the  rate  of  motion 
of  the  liquid  and  its  parameters  [220],  which  also  leads  to  a 
deceleration  of  the  turbulent  combustion  [218].  The  checkout 
experiments  showed  that  in  all  cases  when  the  nonwetting  liquid, 
in  filling  the  slot,  was  substituted  by  the  wetting  liquid  (kerosene, 
alcohol),  a decrease  in  the  rate  of  the  turbulent  combustion  of 
several  times  was  observed. 
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Experimental  Studies  of  the  Combustion 
of  Two-Phase  Systems 

With  the  filling  of  the  porous  charge  with  liquid,  there  can 
be  formed  the  movable  two-phase  system  whose  combustion  Is  accom- 
plished by  a number  of  Interesting  laws.  Depending  on  the  ability 
of  the  components  of  the  system  to  burn,  and  also  on  their  physico- 
chemical properties,  the  stable  or  excited  turbulent  combustion 
mode  appears . 

According  to  Andreyev  [37],  the  mixtures  of  black  powder  with 
nilroglyoerin  (NG)  [HfU]  (content  of  NG  from  10  to  60%)  at  atmo- 
sphei'ic  pressure  burned  normally,  whereupon  the  rates  of  combustion 
wore  below  the  calculated  additive  value.  The  concentrations  of 
:;j  used  in  the  experiments  did  not  provide  mobility  to  the  system, 
and  its  combustion  did  not  differ  from  the  laws  governing  the 
comb u.;t ion  of  the  usual  heterogeneous  systems. 

There  is  great  interest  in  the  experiments  of  Kondrlkov  [87, 
j , who  investigated  the  behavior  of  a number  of  initiating 
t.-xpioslves  in  the  mixture  with  the  gelatinized  pitroesters.  Tt 
was  revealed  that  at  atmospheric  or  moderately  increased  pressure 
the  combustion  is  unstable:  with  ignition  either  the  attention  of 

co.mbustlon  or  explosion  occurs.  The  pressure  increase  stabilizes 
the  combustion  and  makes  it  stable.  Thus,  the  mixture  of  the 
wt.c'iiiy  gelatinized  nitroglycol  with  10%  by  weight  of  lead  azide  in 
charges  i3  mm  in  diameter  begins  to  burn  stably  at  pressures  higher 
th-ui  p^^,=^  atm  at  a rate  virtually  equal  to  the  rate  of  combustion 
of  gelatin.  An  increase  in  the  content  of  the  lead  azide  (up  to 
7';.t  by  weight)  leads  to  an  increase  in  p , whereupon,  according 

--  I 2 ^ ^ 

to  [22ij,  p -^4,10  exp  (1.32  m)  kg/cm  , where  m is  the  content 
«P  -3 

the  lead  azide  in  the  mixture  (g/cm-*).  The  rate  of  combustion 
■T'  t:ic‘  mixtures  is  approximately  proportional  to  the  pressure, 
and  coo  me  Lent  B In  equation  u^=Bp'^  has  a dependence  on  m of  the 
sai:>.-  form  as  d (Fig-  125), 

•up 
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Figure  126 


Figure  125.  Effect  of  pressure  on  the  rate  of  combustion  of  mix- 
tures of  the  lead  azide  with  gelatinized  n troglycerln.  Content 
of  lead  azide:  1 - 0;  2 - 10;  3 - 30;  4 - 50;  5 - 60%.  Above 
the  dashed  curve  the  mixtures  are  exploded  or  extinguished  [221]. 


Figure  126.  Effect  of  pressure  on  the  rate  of  combustion  of  mix- 
tur-es  of  lead  styphnate  with  the  gelatinized  nitroglycol.  1-50; 

2 - 30%. 


Mixtures  of  lead  azide  with  other  liquid  nitroesters  and  also 
r.ixtures  of  nitroesters  with  lead  styphnate  (Fig.  126)  and  potas- 
sium picrate  (Fig.  127)  as  a whole  give  the  same  pattern  of  the 
effect  of  pressure  on  the  possibility  of  the  stable  combustion  of 
mixture,  only  the  most  standard  for  them  is  the  attention  of 
combustion.  It  was  noted  that  contributing  to  the  emergence  of 
the  exp]  slon  was  the  ignition  of  the  mixtures  directly  by  an 
inv-:andescent  spiral  and  the  presence  in  the  mixture  of  lumps  of 
the  initiating  substance. 


The  explanation  of  such  peculiar  behavior  of  the  mixtures  in 
work  [221]  is  based  on  the  hypothesis  about  the  emergence  of  the 
explosion  of  the  suspended  matter  of  a sufficiently  large  number 
of  particles  of  explosives  dispersed  from  surface  of  the  charge. 

In  this  case  it  is  assumed  that  the  determining  factor  in  the  process 
of  the  emergence  of  the  explosion  is  not  the  pressure  by  Itself, 
out  the  "thickness  of  the  thoroughly  heated  and  reacting  layer  and 
the  duration  of  its  existence." 
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Another  approach  to  the  explanation  of  the  peculiar  region  of 
the  unsteady  combustion  of  heterogeneous  mixtures , which  contain 
the  free-burning  solids,  is  of  Interest.  First  of  all.  In  accord- 
ance with  data  [87,  221]  let  us  assume  that  the  combustion  of 
pure  lead  azide  easily  converts  to  an  explosion  (apparently, 
through  the  intense  dispersion  and  explosion  of  the  suspended 
matter  of  the  particles).  With  the  low  content  of  the  azide  in 
the  mixture  with  the  nltroester,  each  particle  is  the  drain  of 
heat  with  respect  to  the  nltroester  surrounding  it.  The  "pores" 
between  the  particles  are  filled  with  the  liquid,  which  can  burn 
if  the  thermal  equilibrium  in  the  thoroughly  heated  layer  is 
balanced.  In  other  words,  the  "diameter  of  the  pores"  must  corre- 
spond to  the  rate  of  combustion  of  the  liquid  at  this  pressure 
approximately  Just  as  the  critical  diameter  of  combustion  d^^ 
does.  At  low  rates  of  combustion  the  "diameter  of  the  pores"  can 
prove  to  be  (and  thus  was  obtained  in  B.  N.  Kondrlkov's  experiments) 
small  and  insufficient  for  the  stationary  combustion  of  the  liquid 
base.  Combustion  is  hindered  also  by  the  mixing  noted  in  work 
[221]  of  the  thoroughly  heated  layer  by  microflashes  of  single 
ignited  particles  of  explosives.  The  thermal  nature  of  the  phenom- 
enon is  indicated  by  the  fact  of  the  effect  of  the  diameter  of  the 
charge  whose  decrease  always  contributed  to  the  attention  of 
combustion.  As  a result  of  the  action  of  the  enumerated  factors, 
with  ignition  by  a weak  source  there  occurs  attention  after  the 
burnout  (or  flash)  of  the  thoroughly  heated  layer,  and  the  intense 
ignition  leads  to  the  vaporization  of  the  liquid  explosive;  the 
unprotected  initiating  substance  is  uncovered  and  there  follows  an 
explosion  by  the  mechanism  Inherent  in  the  pure  lead  azide.  At 
the  high  pressures  when  the  rate  of  combustion  are  sufficiently 
great,  there  appears  the  Independent  combustion  of  liquid  "frame- 
work" of  the  mixture,  and  the  particles  of  the  lead  azide  will  be 
carried  into  the  gaseous  phase  where  they  burn  one  at  a time.  An 
irjcrease  in  the  content  of  the  solid  phase  (with  a constant 
particle  size)  decreases  the  diameter  d^  of  the  "pores"  filled 
wilri  liquid  as  /h , where  A is  the  volumetric  content  of 
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the  solid  phase.  After  considering  that  for  stable  combustion  It 
Is  necessary  that  and,  according  to  [221],  where 
^'■0. 6-1. 48  and  or  the  average  we  will  obtain 

^»pMl  — d)a:coiist,  da  at  const.  (Il6) 

The  processing  of  data  [221]  with  the  use  of  formula  (ll6) 
shows  that  this  expression  naturally  describes  the  experimental 
data. 


Figure  127*  Dependence  of  the 
rate  of  combustion  (at  1 atm) 
of  mlxutres  of  potassium  plcrate 
with  gelatinized  dlglycoldlhydrate 
on  the  composition,  a - content 
of  potassium  plcrate. 


J .5  .,0  tc.  j t 

If  the  assumed  has  foundation,  then  an  Increase,  for  example, 
in  the  Initial  temperature  of  the  mixture  must  decrease  the  pressure 
retion  of  unsteady  combustion  as  a result  of  an  increase  In  the 
rate  of  combustion  of  the  ZhW  and  decrease  In  Its  d . A change 
particle  size  D of  the  solid  phase  with  its  constant  content 
must  affect  d„  in  terras  of  the  measurement  of  the  effective 
diameter  of  the  liquid  layers,  whereupon  It  is  possible  to  expect 
with  A=const  the  fulfillment  of  relation  p D=const. 

A good  illustration  to  the  effect  of  the  dimension  of  contain- 
er consists  of  experiments  [221]  on  the  combustion  of  the  mixture 
of  nitroglycerin  with  the  lead  azide  in  the  ratio  of  50:50  weight  %. 
As  is  known  [38,  1^*],  nitroglycerin  in  a certain  range  of 
pressures  does  not  burn,  which  is  explained,  according  to  Andreyev, 
by  the  -intense  agitation  of  the  thoroughly  heated  layer  by  the 
Landau-Lev’ ch  mechanism.  The  lead  azide  in  pure  form  does  not 
burn  at  all  but  explodes.  The  thickening  of  the  nitroglycerin 
by  lead  azide  makes  It  possible  to  observe  stable  combustion. 
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Moreover,  by  the  developed  mode  of  the  excited  combustion  this 
addition  lowers  the  rate  of  combustion  of  NG  by  approximately 
2 times.  An  analogous  effect  Is  revealed  on  the  mixture  of 
liquid  nltroglycol  with  lead  azide.  The  Introduction  of  the 
concept  about  the  effective  diameter  of  the  liquid  layers  in  a 
mixture  wich  a solid  filler  makes  it  possible  to  explain  these 

1‘acto  by  the  dependence  of  limiting  conditions  on  the  diameter 

(thickness)  of  the  liquid  layer. 

Conaucted  in  work  [219]  is  research  on  the  combustion 
behavior  two-phase,  solid-liquid,  explosive  charges.  The  glass 
tube  was  filled  with  grains  of  MG  powder  (u.  *0 . ^47  cm/s  with 

o p ■*- 

1 kgf/cm  <p<190  kgf/cni  } or  ammonium  perchlorate.  The  gaps 

between  the  grains  were  filled  with  liquid:  water,  alcohol, 

gasoline,  glycerin.  The  charge  was  burned  in  a bomb  in  the 

o 

utiiiosphere  of  nitrogen  at  pressures  of  1 to  120  kg/cm"" . 

Figure  128  shows  the  dependence  of  pressure  on  the  rate 
of  combustion  of  the  charge,  whlcli  consists  of  cylindrical  grains 
(diameter  of  the  grains  is  equal  to  its  height)  of  nitroglycerin 
piowder,  which  are  placed  into  tubes  with  an  Inside  diameter  of 
6.9  mm.  The  charges  were  filled  with  water  or  alcohol;  the 
liquid  occupied  30-^0  volumetric  % of  the  charge.  At  pressures 
above  p the  combustion  occurred  In  the  turbulent  mode  at 

HP 

iilgh  rates  considerably  exceeding  the  normal  rate  of  combustion 
of  ttie  powder  itself.  At  pressures  below  the  combustion  is 

not  sustained,  since  the  water  (or  alcohol)  fills  the  burning 
['.rains  and  interferes  with  the  flame  from  spreading  from  one 
grain  to  the  next.  It  is  evident  that  the  rate  of  combustion 
of  the  water-filled  charges  is  higher  than  the  rate  of  those 
I'illed  with  alcohol,  which  wets  the  powder  considerably  better 
than  does  water.  With  an  Increase  in  the  diameter  of  the  tube, 
the  rate  of  combustion  is  I’lrst  increased,  and  then  it  remains 
conctant . 
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Figure  128.  Dependence  of 
pressure  on  the  rate  of  combus- 
tion of  two-phase  charges,  nitro- 
glycerin powder  and  liquid.  1 - 
grain  1 mm  in  diameter  with  water; 
2 - grain  3 mm  in  diameter  with 
water;  3 - grain  1 mm  in  diameter 
with  alcohol. 


For  research  on  the  effect  of  the  viscosity  of  the  filling 
liquid  the  solution  of  a different  concentration  of  glycerin 
in  the  water  was  used.  With  an  increase  in  the  viscosity  of  the 
rilling  liquid,  the  rate  of  the  turbulent  combustion  a*-,  first 
does  not  change,  but  then  sharply  falls  (Pig.  129)  to  attenuation 
or  the  normal  rate  of  combustion  of  the  powder  grains  with  a 
motionless  filler. 


;■  cm/s 


Figure  129.  Dependence  of  the 
rate  of  combustion  of  two-phase 
charges  of  NG  powder  (diameter 
of  grain,  1 mm)  on  the  viscosity 
of  the  filling  liquid.  1 - 80 ; 

2 - 50;  3-25  atm(abs.).  Crosses 
are  experimental  data  for  grain 

3 mm  in  diameter  at  50  atm(abs.). 


Turbulent  combustion  is  observed  in  the  mixture  of  grains  of 
ammonium  perchlorate  with  gasoline  (20%  by  weight)  (Fig.  130). 

With  a size  decrease  of  particles  of  perchlorate,  the  rate  of 
turbulent  combustion  decreases.  As  is  known,  the  rate  of  the 
laminar  combustion  of  mixtures  of  ammonium  perchlorate  with  solid 
fuels  is  increased  with  a size  decrease  of  particles  of  the 
oxidizer  [44].  On  the  same  curve  (Fig.  130)  the  rate  of  combustion 
oV  the  mixture  of  ammonium  perchlorate  with  the  gasoline  thickened 
by  rubber  (rubber  cement)  is  carried  out.  It  is  evident  that 
the  turbulent  combustion  of  the  mixture  of  the  oxidizer  with  the 
mobile  liquid  fuel  is  spread  considerably  more  rapidly  than  that 
of  the  smooth  burning  of  the  mixture  with  viscous  fuel.  The  rate 
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or  combustion  of  the  mixture  with  rubber  cement  Is  approximately 
«qual  to  the  rate  of  combustion  of  the  mixtures  of  ammonium 
poi-chlorate  with  solid  organic  fuels  [44]. 


Figure  130.  Dependence  of  the 
rate  of  combustion  of  the  two- 
phase  charges  of  ammonium  per 
-chlorate  with  gasoline  (1-3) 
and  rubber  cement  (4-5)  with 
different  grain  sizes  of  ammonium 
perchlorate.  1 and  5 - 1-1.6  mm; 

2 - 0.25-0.63  mm;  3 and  4 - 
0.1-0. 25  mm. 

The  e.xpcrlnients  presented  show  that  turbulent  combustion 
cin  occur  in  two-phase  systems  which  consist  of  powder-like 
J os  1 vt..'s  JlJled  with  liquid  and  powders  and  also  In  charges 
Cl'  a So]  id  oaldlscr  and  liquid  fuel. 

It  is  possible  to  visualise  the  emergence  of  turbulent 
cotiiuustloti  li,  tlie  following  mannei-:  under  certain  conditions  the 

stable  combustion  becomes  unstable,  the  gaseous  products  of 
Combustions  penetrate  the  pores  of  the  charge,  displacing  the 
liquid  and  Igniting  the  walls  of  the  pores.  The  displaced  liquid 
In  other  places  is  ejected  Into  the  flow  of  the  combustion  products 
the  sone  of  the  flame  advances  because  of  convective  current  along 
the  pores,  but  not  due  to  the  heating  of  fresh  portions  of  the 
substance  along  the  mechanism  of  the  conductive  heat  transfer. 
PnotograpliG  show  that  the  leading  edge  of  turbulent  combustion 
Iluvos  behind  the  zone  which  consists  of  the  burning  grains  of 
explosives  and  pores  between  which  the  liquid  is  already  removed. 

On  grains  the  fluid  film  whose  thickness  depends  on  the  rate  of 
motion  and  on  parameters  of  the  liquid  must  remain  [220]. 

The  presence  of  the  mechanical  bond  between  the  particles 
afiecto  the  course  of  turbulent  combustion.  The  water-filled 
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charge  from  grains  of  powder,  glued  together  with  the  aid  of 
acetone,  burns  faster  than  a similar  bulk  charge.  Let  us  note 
that  the  gluing  of  the  particles  exerts  the  same  effect  on  the 
combustion  of  the  porous  (filled  by  gas)  powder-like  charges. 

The  dispersion  of  unglued  particles  of  the  charge,  obviously, 
decreases  the  intensity  of  the  effect  of  combustion  products  on 
the  fresh  mixture.  In  systems  which  consist  of  components  not 
capable  of  Independent  combustion,  the  combustion  Is  spread  over 
the  boundary  of  their  contact. 

The  photorecordings  of  the  development  of  the  process  In 
different  systems  show  that  with  the  turbulent  combustion  mode 
near  the  critical  pressure,  the  liquid  Is  ejected  from  the  slotted 
charge  by  a fountain  located  In  the  middle  of  the  slot  or  near 
its  edge.  With  the  developed  turbulent  combustion  (rate  exceeds 
the  normal  by  10-30  times)  the  liquid  Is  ejected  In  the  form  of 
fine  streams  and  drops.  It  is  not  difficult  here  to  see  the 
analogy  with  the  turbulent  combustion  of  liquid  Individual  sub- 
stances ana  mixtures  (see  § ^4). 

The  presence  of  the  dry  section  of  the  slot  above  the  surface 
of  the  Jiquld  contributes  to  the  development  of  turbulent  combus- 
tion, but  the  rate  of  turbulent  combustion  In  this  case  is  not 
changed.  An  Increase  in  the  length  of  the  dry  section  of  the  slot 
up  to  a certain  value  facilitates  the  emergence  of  turbulent 
combustion  due  to  an  increase  in  the  rate  of  flow  of  combustion 
products  in  the  clearance. 

Extremely  interesting  are  the  data  of  Whittaker  [198],  who 
investigated  the  question  concerning  the  role  of  volatility  of 
components  in  an  example  of  mixtures  of  nitric  acid  with  solid 
fuels.  For  the  passage  of  stationary  stable  combustion,  according 
to  V/hlttaker,  it  is  necessary  that  the  rate  of  evaporation  of  all 
components  be  equal  to  the  rate  of  combustion.  It  was  established 
that  the  mixture  of  nitric  acid  with  a-dinltrobenzene  was  incapable 
of  stable  combustion,  but  at  high  pressures  it  burns  in  the  turbulent 
mode.  For  a comparison,  subjected  to  testing  was  the  mixture  of 
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iiltrio  acid  and  sebaconitrlle , which  has  an  elasticity  of  the 
vapors  at  45°C  equal  to  1 y,  which  coincides  with  the  elasticity 
of  vapors  of  dinitrobenzene.  This  mixture  also  proved  to  be 
incapable  of  burning  normally,  but  after  15^1  atm  it  Is  ignited 
and  burns  in  the  turbulent  mode.  Thus,  mixtures  with  the  very 
low  pi'essuj'o  of  the  vapors  have  only  the  region  of  the  turbulent 
combustion  mode  when  particles  and  drops  of  the  mixture  enter 
into  the  high-temperature  flame  and  vaporize  there,  sustaining 
in  the  flame  the  initial  relationship  of  the  components.  In  the 
mode  of  normal  combustion  the  temperature  is  too  small  for  ensuring 
the  transpoi't  of  the  low-volatile  component  into  the  g-phase . 
-Although  Whittaker's  experiments  were  carried  out  on  mixtures  with 
solid  fuel,  their  essence  remains  valid  also  for  liquid  components. 
Tims,  mixtures  of  TNM  with  fuel,  re-enriched  by  an  oxidizer,  do 
not  burn  at  low  pressures.  But  if  we  conduct  combustion  at 
increased  pi'essures,  then  they  burn  in  the  turbulent  mode  up  to 
tlic  end. 
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